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SUMMARY 


An  experlaental  investigation  has  been  conducted  to  obtain  design 
data  for  low>pressure>ratlo  lift/cruise  fan  exhaust  systeas.  The 
testing  was  accoaplished  in  the  FlulDyne  Corporation  wind  tunnel 
test  facility  in  Minneapolis,  Minnesota.  The  test  results  of  conical 
convergent  and  plug  nozzle  scale  aodels  are  presented  and  evaluated 
in  this  report.  The  test  data  provide  valuable  design  Infomatlon 
for  llft/crulae  fan  nacelle  Installatlona . 

The  laportant  reaults  of  the  prograa  and  conclusions  drawn  froa  the 
test  data  to  date  are  as  follows: 

High  thruat-alnus'drag  Mach  .8  cruise  perforaance 
(C  =  .965)  waa  deaonstrated  at  a  low  nozzle 
pressure  ratio  of  1.94  for  both  conical  and  plug 
nozzle  llft/crulse  fan  nacelle  Installations 
having  a  throat  area  to  aaxlaua  aodel  area  ratio 
(Ag/Ajj)  of  .43. 

For  cruise  Mach  nuabers  over  .85,  conical  nozzle 
Installations  perfora  better  than  plug  nozzles 
for  the  Investigated  nacelle  Installation. 

Friction  drag  plays  a  predoalnant  role  In  the 
optlalzatlon  of  llft/crulse  fan  nacelle 
Installations. 
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cON(  IJISIONS 


h  mm  I  hi-  inalvsi*.  of  the  t«‘sf  rr 1 1  s  ^  I  tii*  lollownu;  (  ( »rw  l  ,  i  orr.  .m 

In  ilr.iwii  for  t  hf  r.in^'e  of  parami  t  i  t i  n vi*s  t  i /.i I  ed 

I  Hlj;h  t  hrus  I -ml  nus-dra^;  Mach  .H  <  raise  performamt  (<  .^  =  .dhT)) 

was  demonstrated  at  a  low  noz/i**  pri*ssari*  ratio  of  1.94  for 
both  conical  and  pluK  nozzle  lift  iraise  fan  nacelle  installation, 
having;  a  throat  area  to  maximum  model  area  ratio  (A  /A  )  of  .13. 

O  H 

2.  For  iTulse  Mach  numtM'TK  over  .  H5  ,  conical  nozr.l**  i  ns  t  a  I  lut  i  uns 
per  fora  better  than  pluK  nozzles  for  the  Investigated  nacelle 
Installation. 

2.  Skin  friction  drag  played  a  predoainnnt  role  in  the  lift /cruise 
fan  models  tested. 

1,  For  M.Tch  numbers  up  to  .85,  performance  increas«*s  with  a  decrease 
in  nacelle  radius  to  maximum  model  diameter  ratio 
range  investigated  because  of  the  de( reuse  in  friction  drag.  For 
Mach  numbers  over  .85,  perform.ince  decreases  with  a  d<-crease  in 
nacelle  radius  to  maximum  moiiel  diameter  ratio  fur  the  range 
investigated  Is'cause  of  the  rise  in  pressure  drag. 

.5.  For  Mach  iujmt>ers  up  to  .8.5,  plug  nrjzz  le  performance  increases 
with  an  incr«-ase  in  plug  angle  for  plug  angles  from  12.5  to 
20  degrees.  For  Mach  numbers  over  .85,  plug  no/./.le  performance 
decreases  with  an  increase  in  plug  angle  because  of  the  rise  in 
boattall  drag. 


6.  For  higher  plug  angle  configuration  (6  >  20  -  25^)  perforaance 

Increase!  with  plug  angle  only  at  subcrltlcal  nozzle  pressure 
ratios  *  1.89).  For  pressure  ratios  higher  than 

critical,  perfonaance  decreases  with  Increasing  plug  angle. 

7.  Static  peak  perforaance.  In  general,  Increases  with  decreasing 
plug  angle. 

8.  Plug  nozzle  psrforaance  Increases  with  an  Increase  In  throat 

area  (A  )  at  constant  nozzle  exit  area  (A  )  and  no/.zlc  pressure 
ratio  PflB )  because  of  the  hlKher  ideal  thrust  per  nozzle  exit 

area  and  its  Inherent  decrease  of  the  thrust  decreaents. 

9.  Truncating  the  plug  one-third  of  Its  full  length  reduces  the 
perforaance  by  about  .01  to  .04  In  gross  thrust  coefficient.  The 
loss  decreases  with  Increasing  Mach  nuaber. 

10.  Nozzle  discharge  coefficients  decrease  with  an  Increase  In  nozzle 
Internal  shroud  angle. 

11.  Conical  nozzle  discharge  coefficients  at  lower  than  critical 
pressure  ratios  fall  off  with  decreasing  nozzle  pressure  ratio. 

12.  Plug  nozzles  have  higher  discharge  coefficients  at  nozzle  pressure 
ratios  below  critical  than  conical  nozzles.  The  discharge 
coefficients  do  not  change  considerably  froa  choked  nozzle  levels. 

13.  Correlations  of  analytically  calculated  nacelle  pressure  distri¬ 
butions  to  aeasured  values  are  fair  at  low  subsonic  Mach  nuabers. 
At  high  subsonic  Mach  nuabers  the  analytical  pressure  coefficients 
are  considerably  higher  than  the  aeaaured  ones. 
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RECOMIENDATIONS 


Bated  on  the  reaulta  of  the  present  Investigation, the  following 
recoMendstlona  are  nade  with  regard  to  the  aerodynanlc  design  of 
llft/crulse  fan  nacelles : 

1.  Conical  nozzle  nacelle  Inatallatlona  for  cruise  Mach  nunbera 
below  .85  should  have  rather  high  boattall  angles  (  6  =  15  -  20°) 
and  anall  nacelle  radius  to  naxlnun  Installation  dlaneter  ratios 
(R/D|^  -  2.5  -  3.5). 

For  cruise  Mach  nunbers  over  .85,  low  boattall  angles 
(  8  «  10  -  15°)  and  high  radius  ratios  (R/D^  =>5-7)  are 
required  for  good  perfomance. 

2.  Plug  nozzle  nacelle  Installations  for  cruise  Mach  nuabers  below 
.85  should  have  rather  high  boattall  angles  (0  »  12  -  20°), 

SBwll  nacelle  radius  to  naxlnun  Installation  dlaneter  ratios 
(R/D^  =  1.5  -  2.0),  and  steep  plug  angles  (  B  =  15  -  18°). 

For  cruise  Mach  nunbers  over  .85,  low  boattall  angles 
(  0  >  7  -  10°),  high  nacelle  radius  to  naxlnun  Installation 
dlaneter  ratios  (R/D^  =>  2.5  -  3.5)  and  snail  plug  angles 
(  B  a  10  -  13°)  are  required  for  good  perfomance. 

3.  Llft/crulse  fan  nacelles  should  be  designed  with  as  high  a  ratio 
of  throat  area  to  maximum  installation  area  as  possible. 

The  present  program  was  designed  to  produce  general  uuui.tative  design 
information  for  In  l,  eiuise  fan  exhaust  systems.  An  extensn)n  of  this 
program  would  be  the  optimization  of  a  specific  design,  for  which  the 
following  reconnendat Ions  are  made; 
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KXPKR I  MENTAL 


I.  Ti*Ht  model  with  fan  drivt-n  by  air  tnrbinr  in  wind  lunin  l  t<> 
ubtain  correlation  to  ai  tual  nat  ell»-  thru  1  minus  dr.i,.  >lita 
In  the  free  stream. 

J,  Test  some  of  the  intKlels  in  a  bii;i;er  tunnel  to  deti  rinine  the 
effect  of  tunnel  blockade. 

i.  Investigate  the  effect  of  boundary  layer  thickness  on  nacelle 
drag  since  full-scale  btiundary  layer  thicknesses  are  different 
from  scale-ni«»del  conditions  and  skin  friction  plays  a  pre- 
doinin.int  role  lor  the  models  tested. 

1.  Investigate  plug  ct>ntours  with  gradually  increasing  angle  for 
improvements  in  plug  force. 

a.  Invest  igat(‘  the  el  feet  <»f  plug  crown  curvature  and  upstream 
flow  path  *»n  no/. le  perlormance, 

ANALYTICAL 

1.  Evaluate  the  change  in  effective  surface  curvature  with 
compri'ss  1  bi  1 1 ty  due  ti»  boundary  layer  influence. 

U .  Evaluati*  liie  influence  of  surface  roughness  on  the  invlscld 
flow  field  considering  especially  the  smoothing  effect  of 
boundary  layer  action. 

d.  Develop  estimation  techniques  for  Jet  wake  positions  and  their 
influence  on  inviscid  flow  fields. 


in  I  h« 


INTmmi  (M  ION 

K.\h.iw.t  sysIcB  |n‘i  lormanc  e  is  a  vim  v  s  i  ('.ni  I  u  anl  pat  ann  i 
analysi.s  <i|  lovk-prossun*- rat  i:>  pri»p<ilsiun  systems,  su«  h  a'  lilt  and 
iniise  Ians.  The  h  i  (jh- bypass- rat  m  that  art  «*r  i  st  ics  <>1  the  1  i  I  i  i- 1  ni 
fan  result  In  a  i^rns.s  t<i  net  thrust  ratio  ol  approx  imat  e  I  \  1  t<»  I  at 
h  1  t;h  subsonic  Mach  numbers.  Itnpr«»vement  s  in  exhaust  nozzle  thrust 
coefficient  or  nacelle  drau  coefficient  of,  for  example,  1  percent, 
make  the  propulsion  system  performance  better  by  4  percent,  or  its 
.s|)cciflc  fuel  consumption  lower  by  the  same  percentage  lor  the  high¬ 
speed  cruise  flight  condition. 

Lift/crulse  fan  nozzle  pressure  ratios  lie  mostly  below  the  critical 
level.  Very  little  test  data  is  available  for  this  ranRC,  as  the 
many  previous  investigations  have  been  conducted  for  turbojet  or 
rocket  engines  with  their  inherent  higher  nozzle  pressure  ratios. 
Reference  2  gives  a  preliminary  investigation  of  the  problem  and 
formed  the  basis  for  this  program. 

The  objective  of  this  program  was  to  obtain  static  and  installed 
exhaust  system  performance  data  tor  the  r.uu'e.N  of  interest  to  lift/ 

<  rinse  fan  technology.  Cruise  fan  nacelles  with  conical  and  plug 
nozzles  were  investigated,  and  the  geometry  of  these  configurations 
was  optimized  for  maximum  thrust -mi mis-drag  performance. 
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AHALYSIS  OF  PROBLEM 


The  thenal  efficiency  of  n  propulsion  systea  is  the  product  of  cycle 
efficiency  and  propulsive  efficiency.  Cycle  efficiency  is  defined  as 
the  ratio  of  energy  output  to  energy  input  of  the  engine.  The 
propulsive  efficiency  is  stipulated  as  the  ratio  of  the  energy  output 
to  the  airplane  to  the  energy  output  of  the  engine. 

The  11  cruise  fan  propulsion  concept  uses  a  jet  engine  to  drive  a 
high-bypass-rat io  fan  which  converts  the  high-velocity,  low-aass-flow 
energy  of  the  Jet  engine  into  a  low-velocity,  high-aass- f low  energy. 

Therefore,  the  ratio  of  Jet  velocity  to  airplane  velocity  is  reduced 
and  the  propulsive  efficiency  is  thereby  increased.  The  aore 
efficiently  this  energy  conversion  is  accoapl Ished,  the  higher  is  the 
overall  systea  perforaance.  Between  the  cruise  fan  coaponents  - 
turbine,  fan,  and  nozzle/nacelle  afterbody  -  the  greatest  gain  can  be 
Bade  froa  the  exhaust  systea  installation. 


The  present  investigation  is  concerned  with  the  opttaization  of  the 
thrust-ainus  drag  of  the  whole  cruise  fan  nacelle.  Such  an  exhaust 
systea  has  to  be  designed  with  the  following  objectives: 


1  -  High  thrust  coefficient, 

2  -  Low  nacelle  -  afterbody  drag  coefficient, 

3  -  Low  friction  drag, 

4  -  Saallest  length/diaaeter  ratio, 

5  -  Low  weight , 

6  -  About  50  percent  throat  area  variation, 

7  -  Mechanical  simplicity, 

8  -  High  rel labl 1 ity , 

9  -  Adaptable  for  thrust  reversal , 

10  -  Low  noise  level,  and 

11  -  Low  infrared  radiation  characteristic. 
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I-'H  thf  n<*/ / I  ju  tv-  siin*  t  .It  ran^;**  a  litl  irui-.i  1  an  ii./.lt, 

.1  t  ufivrr^tin  t  Aiiht»ul  \*ilh  r*nt  «*i  h^dy .  jjivos  the*  liij.hi'st 

(>t*  r  fui  maiu'o  .  Th«’  t  harart  it  i  s  t  i<  ‘.yslt*m:  an*  *.hoAn  lu 

vv  1  th  rffircnce  t«»  the  aUivt*  td)  )c*i  t  i  \  aiul  <U*[*^nd  i  oji  the*  sperMfu 
lnstal1atn^n  and  .iir<*r*ifl  missiun,  nihii*  the*  ronual  < onver^^ent 
no7.zU*  or  the  plu>;  nt>/./.le  will  prodiu  r  the  t>e.st  overall  system. 

Fioth  exhaust  system  eon  f  igui  at  ions  were,  therefrire,  i  nves  t  ij;al  eti  in 
this  [iro^ram.  The  models  were  based  on  merhanual  desii^n  layouts 
with  equal  throat  area,  nacelle  diameter,  and  throat  area  variation. 
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FACILITY 


1>I.:»C  l{  IIM  IHN  IKNT  f  IPIU':NT 


rii«*  stalK  and  (  xliTnal  ll<»*  a, is  P»  r  farmed  in  I  h«  Chaniu‘1 

I  at*  I  )  i  t  y  at  HmiDvih*  Knn  i  rufr  i  n^:  C  *  i  |»‘ •  i  a  t  n  »n  in  Mi  nnr  apo  1  i  s  , 
M i nnfsot  a  . 


Channel  S,  the  transonic  wind  tunnel  shown  in  Figure  2,  has  a 
lili'hy  22-hy  72  inch  lon^^  slottcd-wall  test  section.  This  tunnel  is 
an  1  nduct  ion- t  v|>e  facility  whereliy  ^it  mospher  1 1  air  is  diawn  IhrouKh 
ttie  test  section  usini:  steam  ejectors  to  reduce  the  downstream 
jiressure.  A  lar^e  contraction  ratio,  1 ‘L  1  ,  and  four  small -mesh 
screens  in  the  inlet  duct  help  keep  the  test  section  flow  non¬ 
un  i  f  orm  1 1  i  i\s  at  a  minimum.  The  rcc^uired  pressure  ratio  across  the 
s*,stem  (or  test  sec  tion  Mach  number)  is  maintained  by  controlling 
the  mass  flow  throuj^h  the  ejectors.  Mach  number  is  continuously 
variiul  from  0  to  1.2.  Contoiired  blocks  on  the  solid  walls  are  used 
extend  the  upper  test  Mach  number  from  1.2  to  1.3r>.  burinj^  clays 
t»!  hii:h  humidity,  water  condensation  in  the  ti*st  section  is  prevented 
(for  flou  velocities  alxna-  II  1.0)  by  the  addition  of  heated  air 
iijistream  of  the  inlet  contraction.  Models  and  the  halaiuf  s>stem 
.iro  supported  in  the  test  cell  hy  .  .>  i  ru  h  -  d  i  amet  er  tube  (primary  air 

ojppl\)  which  is  positioned  hy  struts  utrstream  of  the  inlet  contraction. 
Pr  im.irv  air  is  pjped  to  the  mocfel  f  r*(»m  the  facility  air  reservoir 
and  throttled  throu^»h  a  f^ate  valve* 

Tunnel  cal  i  brat  i 'Ois  lonsisted  of  tin*  tie*  t  er  m  i  na  t  lou  of  the  tunnel  *ail 
axial  Mach  number  d  i  s  t  r  i  bu  t  i(»n  at  the  model  b  cat  ion  and  the 
definitK^n  of  the  txMindarv  layer  profiles  for  the  test  Mach  numbers. 


The  Mach  nuaber  distribution  for  the  noainal  test  Mach  nuabera  of 
.4,  .6,  .8  and  .9  is  shown  in  Figure  3  in  relation  to  the  aodel 
installation.  Boundary  layer  profiles  were  aeasured  by  a  boundary 
layer  rake, which  waa  located  on  the  5-lnch-dlaaeter  aodel  support 
Just  upstreaa  (1  inch)  of  the  nacelle  leading  edge.  The  profiles 
for  the  test  Mach  nuabers  are  presented  in  Figure  4.  If  the  boundary 
layer  thlckneas  is  defined  as  that  distance  from  the  wall  where  the 
velocity  is  99  percent  of  the  free~8treaa  velocity,  an  approxiaate 
average  thickness  of  1  inch  is  Indicated. 

No  corrections  were  aade  to  account  for  aodel  blockage.  If  blockage 
corrections  were  necessary,  the  aeasured  drag  coefficients  of  the 
aodels  would  have  varied  with  Mach  nuaber  at  M  ^  >*CR-  Since  no  such 
variation  was  found  it  was  concluded  that  the  effects  of  blockage 
Bust  be  negligible. 

The  facility  is  equipped  with  a  force  balance  systea  which  measures 
the  coabined  effect  of  the  nozzle  Internal  and  external  flows. 

A  schematic  of  the  balance  system  is  shown  in  Figure  5.  It  is 
located  laaedlately  upstreaa  of  the  test  aodel  with  only  3.5  inches 
of  the  f Ive- Inch- diameter  aodel  support  being  part  of  the  metric 
section.  Tare  corrections  for  surface  friction  are,  therefore,  very 
small  which  ainlaizes  the  uncertainty  of  the  data. 

The  force  balance  consists  of  a  temperature  compensated  strain  gage 
bridge.  The  bridge  output  is  used  to  vary  the  frequency  of  an 
oscillator,  the  output  of  which  runs  into  a  Berkley  counter  and  is 
converted  to  digital  output  which  is  printed  out  on  tape  at  rapid 
intervals  during  the  run. 
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A  ctllbratlon  of  the  systein  preceded  the  test  program.  Thin  check-out 
consisted  of  a  dead-weight  calibration  of  the  force  balance,  and  a 
determination  of  the  effective  seal  area,  AA,  as  Illustrated  below. 


The  balance  and  seal  characteristics  were  calibrated  separately  by  the 
following  procedure.  The  balance  was  first  loaded  with  known  weights 
to  obtain  a  curve  of  the  balance  force  constant  (1(b),  defined  as  axial 
force  divided  by  readout  signal  (Hs/Ca)  versus  readout  signal  (Cg) 
with  no  pressure  difference  across  the  seal  (Figure  6).  Next,  the 
Inlet  duct  was  pressurized  to  test  values  of  seal  station  differential 
pressure.  A  number  of  upstream  forces  (R)wc‘re  then  applied  to  the 
balance  to  reduce  the  net  balance  load  in  order  that  the  seal  gap 
would  approach  actual  test  conditions.  The  sum  of  the  Indicated 
balance  load  and  the  reverse  load  divided  by  the  measured  pressure 
differential  gave  the  effective  duct  urea.  Subtracting  the  actual 
duct  area  from  the  effective  duct  area  gave  the  effective  seal  area 
(^A)  as  a  function  of  readout  signal  (balance  force)  and  differential 
pressure  (Figure  7).  The  seal  tare  effective  area  and  the  balance 
force  constant  wIutc  used  to  obtain  the  purely  aer(Klyn.imic  forces  on 
the  model.  The  balance  calibrations  were  repeated  after  each  series 
of  runs. 


IJ 


UnIHk  Jhih  sybtrm,  a  net  Ihnist  (oeffirient  lor  t  tu*  simulated  fli^^hl 
llach  niiMber  can  Ik?  directly  calculated  Details  (»f  this  (ulcu  1  at  ir>n 
are  covered  in  Appendix  I  of  this  report.  An  assemlily  drawinit  of 
a  typical  model  installation  is  shown  in  Fii^ure  and  Fl^:u^e.s  D 
through  13  present  various  views  of  test  models  installed  in  the 
t  ransonlc  facility. 

Data  obtained  in  this  facility  consisted  of  measurements  of  t>alance 
force^  air  flow  rate,  model  total  pressure,  test  cel)  pressure, 
various  pressures  within  the  balance  system,  and  noz/le  lontour  and 
afterbody  pressures.  The  pressure  data  were  measured  on  multi  tube 
mercury  manometer  boards  and  precision  i;au|;es.  Force  tialance  data 
were  recorded  by  an  electronic  digital  readout  system. 

MODELS 

A  total  of  14  models  were  tested.  Three  models  represented  lifl'iruise 
fan  nacelles  with  i^'nveiit  lonal  c'onical  nor.zles,  and  eleven  models  had 
a  center  pluR  (Fii;ure  1).  The  geometry  of  the  models  i  s  descri!)ed  in 
Table  1.  The  models  wen*  pret' i  s  lon-made  of  stainless  stinl  Aith 
tolerances  of  ♦.001?  inch  on  all  critical  dimensions  and  ^10  minutes 
(»n  angular  <iimen  i«»ns  All  surfaces  in  contact  with  airflow  were 
po 1 i shed . 

The  building  block  construction  method  was  used  to  facilitate  model 
changes  and  to  save  fabrication  costs.  The  hardware  consisted  of 
one  adapter  with  choke  plate  and  flow  straightening  sci-eens,  three 
conical  no/.zle  shrouds,  eight  plug  nozzle  shrouds,  one  (onical  nozzle 
centerlxxly,  four  forward  plug  sections,  three  aft  plug,  sections,  one 
alt  plug  tip,  SIX  plugs,  and  a  wooden  cylinder  for  cylindrical  flow 
s imul at  ion. 


Typical  model  hardware  is  sh(»wn  in  Kiimitcs  li  and  IT.,  Mu-  cnniours 
and  r  I  c  details  are  presented  in  KiiMires  iCi  fhrotiih  *J3.  The 

instrumentation  of  the  models  consisted  <»f  static  fircssure  laps  on  i 
nacelle  external  surface  the  pluj:  surface,  and  plu^  base  at  vaiiotis 
a/.imut  p^KSitlons.  A  total  pressure  rake  was  installed  in  the  adapt* 
to  measure  the  total  pressure  at  the  noz/le  inlet  section  upstream 
of  the  throat  (FiRure  8).  The  Ixiundary  layer  profile  was  meuMired 
with  a  rake  located  just  upstream  of  the  nacelle  on  the  r^-lnch 
diameter  model  support  (Figures  2  and  i). 
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EXPERIMENTAL  PROCEDURE 


A  typical  experlKent  in  Channel  5  was  conducted  in  the  lollowini' 

Banner;  the  external  flow  Mach  nuaber  was  set  from  plenum  pressure 
measurements  using  the  steam  ejectors,  and  the  required  no/.zle 
pressure  ratio  was  obtained  by  regulating  the  model  total  pressure 
to  the  predetermined  value.  When  these  two  parameters  were  stabilized, 
and  all  manometer  readings  were  steady,  the  force  balance  readout 
recording  system  was  started.  Static  pressures  on  the  model  surfaces 
were  measured  with  mercury  manometers  and  recorded  photographically. 

The  tes\'.  was  run  according  to  the  schedule  of  pressure  ratio  and 
Mach  number  shown  In  Figure  24. 

The  gross  thrust  of  the  system  was  determined  from  the  force  balance 
readings  by  correcting  for  the  balance  Internal  forces.  Thrust 
coefficients  (Cf-o)  were  then  computed  by  dividing  the  above  calculated 
gross  thrust  by  the  Ideal  thrust,  defined  as  actual  mass  flow  times 
Ideal  Jet  velocity.  The  Ideal  velocity  was  determined  from  thrust 
function  curves  as  a  function  of  nozzle  pressure  ratio. 

Discharge  coefficients  were  calculated  as  the  ratio  of  the  actual 
measured  mass  flow  to  the  ideal  mass  flow  at  the  existing  nozzle 
pressure  ratio. 

From  the  measured  static  and  thrust-minus  drag  coefficients,  the 
total  nacel  le-boat tal  1  drag.  Including  friction  and  external  flow 
effects  (for  the  plug  nozzles),  was  computed  for  all  test  points. 

The  boattall  drag  coefficients  (Cq  bt)  ^nd  forebody  drag  coefficients 
(Cq  fs)  calculated  by  the  pressure-area  Integration  method  from 

the  static  pressure  measurements.  Similarly,  the  effect  of  external 
flow  on  the  plug  nozzle  (Cd  p)  for  models  4-14  was  obtained  by  the 
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<1 1  f  (erunct*  in  pitii:  axial  an<l  without  external  flow.  Tlie 

hi^attail  drag  4ind  plug-form  drag  coefficients  do  not  in(  lude  frictK 


being  onl  y 
procedures 


the  pressure  drag  component.  The  detailed  calculation 
are  described  in  Appendix  11. 


EXPERIMENTAL  RESULTS 


A  suioiary  of  the  inportant  test  resulth  is  Kiven  In  Table  2  and 
Figure  25,  The  thrust  coefficients  represent  the  installed  (thrust- 
■Inus-drag)  perforaance  of  the  cruise  fan  nozzle  aodels  according 
to  the  pressure  ratio  -  Mach  nuaber  schedule  sho^-n  in  Figure  24  for 
the  1.3  pressure  ratio  fan. 

The  thrust  coefficients  obtained  as  shown  in  Figure  5  account  for  the 
fol lowing: 

a.  Internal  Bodel  friction  and  pressure  losses  downstreaa 
of  the  total  pressure  rake  (including  plug  friction), 

b.  External  friction  and  fom  drag  over  the  entire  length 
of  Bodel  froa  the  split  shown  In  the  sketch  to  the  end 
of  the  shroud. 

For  these  models,  there  was  about  3.5  inches  of  5-lnch  diameter  pipe 
between  the  split  and  the  beginning  of  the  m<xlel  contour  which  contributed 
some  friction  but  no  form  drag. 

The  data  were  not  corrected  for  this  friction  drag  because  it  was 
considered  to  be  saal 1  enough  to  be  neglected.  It  should  be 
observed,  however,  that  the  average  friction  coefficient  for  the 
models  will  be  less  than  for  the  full-size  nacelle  because  soae 
boundary  layer  growth  has  already  occurred  on  the  external  surface 
of  the  support  pipe  (Figure  4). 

To  deteralne  the  absolute  level  of  thrust  coefficient  more  accurately 
it  would  be  required  to  reduce  the  boundary  layer  by  suction  in  the 
present  test  set-up  or  to  test  a  nacelle  with  an  air-turbine  driven 
fan  in  the  free-stream  without  a  support  F»ipe.  The  presented  data 
should  be  regarded,  therefore,  as  qualitative  rather  than 
quant itatl ve 
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The  scatter  of  the  test  data  aaounts  to  about  1.2  percent  from  a 
reasonable  curve  drawn  through  the  data.  With  noted  exceptions,  it 
appears  that  the  general  level  of  thrust  coefficient  has  >/een  defined 
within  1.25  percent  based  upon  coaparlson  of  measured  thrust  and  drag 
coefficients  with  pressure  Integrated  drag  coefficients  and  friction 
estiaates. 

The  varlitlon  of  the  thrust  coefficients  (C<f_[))  with  pressure  ratio  and 
Mach  nuaber  is  presented  in  the  order  of  model  number  in  Figures  26 
to  41. 

Discharge  coefficients  (Cf))  are  presented  In  a  slailar  manner  for  all 
models  in  Figures  42  to  57.  The  discharge  coefficients,  by  definition, 
represent  the  ratio  of  actual  aass  flow  to  the  ideal  mat^s  flow  at  the 
existing  nozzle  pressure  ratio. 

The  external  pressure  distrl but Ir^ns  of  the  cruise  fan  nacelles  are 
shown  for  each  model  In  Figures  58  to  74  in  the  form  of  pressure 
coefficients,  Cp  -  (P[-I^)/q<R.  Nozzle  pressure  ratio  did  not  affect 

the  nacelle  pressure  distributions  for  the  range  of  test  pressure 
ratios. 

Plug  pressure  distributions  (Pi/Ptn)  aodels  arc  plotted  versus 

length  for  the  various  test  pressure  ratios  and  Mach  numbers. 

Figures  75  to  87  show  the  plug  pressure  distributions  for  Mach  0; 

Figure  88,  for  Mach  .4;  and  Figures  89  to  100,  for  Mach  .8.  Plug 
pressure  distributions  are  also  presented  In  Figures  101  to  116  for 
each  configuration  for  all  Mach  numbers  based  on  a  Mach  number  - 
pressure  ratio  relationship  as  given  In  Figure  24  for  a  fan  pressure 
rat lo  of  1.3. 
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The  total  nacelle  drag  coefficients  (Cp  n)  were  calculated  from  the 
static  and  Installed  thrust  coefficients  for  each  test  point.  A 
summary  of  all  data  Is  given  In  Figure  117  and  In  Table  2  as  a 
function  of  Mach  numoer.  This  drag  coefficient  Includes  friction. 

The  results  of  the  boattall  drag  calculations  from  the  model  afterbody 
pressure  data  are  p.*'esented  as  boattall  drag  coefficients  (Cp  qt)  In 
Figure  118  as  a  function  of  Mach  number.  Surface  friction  Is  not 
Included  In  these  values,  and  the  data  are  Independent  of  pressur-'.? 
ratio . 

The  effect  of  external  flow  on  the  plug  force,  calculated  from  the 
plug  pressure  distribution  at  static  conditions  and  with  external 
flow,  is  presentni  ^ ' gure  119.  This  change  in  plug  force  has 
been  shown  in  the  loi'ts  of  plug  form  drag  coefficients  (Cp  p)  versus 
Mach  number  for  the  pressure  ratios  according  to  the  test  schedule 
of  Figure  24  for  the  1.3  pressure  ratio  fan. 
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tl»am«.*ter  and  throat  area;  thi'y  <11  Iter  t<nly  in  their  boat  tail 
Keometry  (Figures  16  and  17).  A  comparison  ol  the  thrust  loelliiient 
results  of  the  conical  no/./.le.s  (Figure  lijo)  indicates  that,  for  Math 
numbers  up  to  and  ii«':luding  .8,  perlormanie  increases  slightly  with 
decreasing  nacelle  boattall  radius  to  maximum  diameter  ratio 
and  nacelle  length  to  maximum  diameter  ratio  (L/D^) .  For  Mach  .9 
this  trend  is  reversed. 

Without  external  flow,  the  difference  in  the  performance  level  is 
caused  by  the  change  in  internal  friction  as  mtxlel  size  and  exit 
area  are  the  same. 

F<<r  Mach  numbers  up  to  and  Including  .8,  nacelle  surface  friction 
drag  is  predominant  over  the  pressure  drag  on  the  afterbody.  This 
can  be  observed  in  Figure  1L!1.  The  total  nacelle  drag  coefficient 
IS  almost  the  same  i’or  the  three  miKlels.  The  boattall  drag 
Coe  f  f  ic  lent  (not  including  friction),  however,  is  decreasing  with 
decreasing  boattall  angle  and  is  about  25  percent  lower  lor  model  1  than 
for  model  A.  If  models  2  and  3,  with  the  smaller  nacelle  length  and 
boattall  radius  show  higher  performance  than  mcxiel  1,  it  can  only  be  the 
result  of  the  models  having  less  friction  drag.  With  the  calculated 
friction  drag  coefficient  of  Figure  1-M,  the  friction  drag  decrements 
were  computed  for  models  1  and  3  at  Mach  .8  and  they  are  shown  in  the 
loss  breakdown  together  with  boattall  and  forebody  drag  in  Figure  Wl'j.. 
The  total  thrust  decrement  is  smaller  for  model  3  because  the  rise  in 
boattall  pressure  drag  is  oviti  omfien^.i  t  ed  for  by  the  dei  rease  in 
nac<‘lle  friction  drag. 


Pressure  drag  is  aoro  laportant  at  Mach  .9,  and  model  1,  with  the 
greater  boattall  radlua  and  Inherently  lower  boattail  angle, 
demonstrates  the  highest  performance.  A  loss  breakdown  for  models  1 
and  3  Is  given  in  Figure  123.  It  can  be  observed  that  the  friction  dr 
decrement  of  models  3  Is  only  slightly  smaller  and  that  the  pressure 
drag  Increase  is  greater  than  the  reduction  In  friction  drag. 

The  breakdowns  of  the  performance  losses  (Figures  122  and  123)  show 
that  Installed  performance  Increases  with  pressure  ratio.  The 
explanation  for  this  Is  given  In  Figure  i2\,  which  demonstrates  that, 
with  constant  nacelle  drag  coefficient,  the  thrust  decrement 
decreases  with  Increasing  pressure  ratio  because  of  the  Increasing 
Ideal  thrust.  Therefore,  If  the  static  performance  and  only  one  test 
point  with  external  flow  are  known  for  a  model,  the  complete  per¬ 
formance  curve  can  practically  be  calculated  over  a  range  of  pressure 
ratios  for  external  flow  Mach  numbers  below  the  model  nacelle 
critical  Mach  number  (Figure  12H).  Naturally  one  external  flow  test 
point  is  not  sufficient  to  establish  the  total  nacelle  drag  level 
accurately,  but  this  method  can  be  used  for  arriving  at  more  exact 
curves  if  only  a  few  test  points  are  available.  A  summary  of  the 
conical  nozzle  thrust -minus-drag  performance  is  presented  in 
Figure  123  for  the  assumed  relationship  of  pressure  ratio  versus  Mach 
number  for  the  1.3  pressure  ratio  fan  (Figure  24). 

From  the  above  evaluation  it  is  concluded  that  skin  friction  plays 
a  predomlnani  role  for  Mach  numbers  up  to  about  .83.  Lift/crulse 
fan  nacelles  for  cruise  Mach  numbers  in  this  range  should,  therefore, 
be  designed  with  small  boattall  radius  ratios.  For  higher  cruise 
Mach  numbers,  lower  boattail  angles  improve  the  performance  because 
of  the  steep  rise  in  pressure  drag. 


PLUG  NOZZLES  (MODELS  4-14) 


1 .  Effect  of  Boattall  Gcowetry  on  Pyrfofancc 

a .  Low  Boattail  and  Low  Plug  Angle  Models  (4^5) 

Models  4  and  5  have  the  sane  plug  (  6  12. 5*^)  and  equal  throat 

area  as  well  as  area  ratio  (Figures  17  and  18).  The  nodels 
differ  only  In  their  boattall  geonetry  (  ?  =  8*^  and  lo")  and 

their  throat  location  with  respect  to  the  plug  crown.  The 
performance  comparison,  shown  In  Figure  126,  Indicates  that 
model  4  produces  slightly  overall  higher  performance  except 
at  Mach  .4.  This  Is  primarily  the  result  of  the  lower  boattall 
pressure  drag  (lower  boattall  angle)  as  can  be  observed  from 
the  comparison  of  the  boattall  drag  coefficients  In  Figure  127. 
The  plug  forces  are  practically  Identical  according  to  the  plug 
pressure  distributions  (Figures  104  and  105). 

At  Mach  .4,  the  force  data  show  a  reverse  of  the  general  trend; 
the  pressure  data,  however,  Indicate  no  such  change  In  trend 
and  the  force  balance  measurements  at  this  Mach  number  are, 
therefore,  assumed  to  be  In  error. 

Plug  nozzle  model  5  has  about  the  same  boattall  radius 
(R/D^  s  2.75)  as  the  conical  nozzle  model  3.  Nevertheless, 
the  plug  nozzle  performance  Is  overall  lower  than  the  per¬ 
formance  of  the  conical  nozzle.  This  must  be  attributed  to 
plug  surface  friction. 

Based  on  this  observation,  a  correlation  was  made  of  the  three  con¬ 
vergent  nozzle  models  and  the  plug  nozzle  models  4  and  5.  For  each 
model  .and  each  test  Mach  niuiber,  the  lowest  static  pressure  on  the 
shroud  (highest  local  Mach  number)  was  determined  and  plotted  versus 
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•  he  I  uiiiif  1  M.u  h  iiiimlHT,  A  <  i .  .s  .  -  p  1 , -i  Hi  i  s  p.r.ipli  .it  tli.’  iritn.il 

v.ilui  of  pifssiji.-  ratio  (Mai  li  i,(i)  virsiis  boaltail  laitius  to 
maximum  diihIoI  diami-tor  ritio  pi  •  niui  nl  t  lu-  irltirai  Mai  li  numbers  >>l  Hu 
miKiuls  (FH;uri*  Aiiorilini;  to  Ibis  i;rapb,  Hu-  boattail  radius 

to  maxiaum  mudvl  d  lamotir  ratio  can  ta*  roducid  to  about  1.75  for 
iiuisf  Ma*b  numlHTs  of  .H.  MihIoIs  11  tbrouKh  11  *fri-  lh»n  laid  out 
*ith  lower  radius  ratios  to  verify  this  assumption. 

b.  Hinh  Boattail  and  htt;h  Plut;  Anulu  Mcxlels  (12  .•  ad  14) 

A  performance  comparlHon  of  miKlels  12  and  14  (Fii'ures  22  and 

(I  Q 

which  both  have  a  IH.O  plun,  and  boattail  angles  of  15 
ami  18. o"  respectively,  Is  presented  in  Fij{ure  12‘.>.  Model 
14,  with  its  steeper  boattail  angle,  Iowit  shroud  length 
and  boattail  radius,  performed  better  at  all  test  Mach  numbers. 

When  the  high-boattal  1-angle  no/,/.le  models  are  compared  to 
the  low  boattal  1-angle  no/./.les  (Figure  12(1),  It  can  be 
concluded  that,  similar  to  the  conical  no/,/.les,  plug  no/.zles 
for  cruise  Mach  numbers  up  to  .85  should  be  designed  with  rather 
stc'ep  plug  and  boattail  angles.  For  higher  cruise  Mach 
numbers,  lower  boattail  .and  plug  .ingles  are  required  for 
goinl  performance. 

2.  Klleil  "1  Plug  Angle  on  Per  f  orm.inc  f 

a .  Low  boattail  and  Low  Plug  Angle  Models  (  5,  9  and  10) 

Models  5,  9  and  10  use  the  same  shroud  together  with  various 
angle  plugs  of  12.5,  15,  and  17.5  degrees  (Figures  18  and  20). 
The  lioattail  angle  is  10  degrees.  From  the  performance 
comp.irlson,  shown  in  Figure  l.U,  a  general  trend  i  annoi  easil\ 
be  recogni/ed.  When  the  pressure  distributions  for  the  plugs 
.it  .M.icb  0  an-  compared  in  Figure  12::,  it  can  be  observed  that 
the  higher  plug  angles  cause  the  flow  to  overexp.ind  Just 


i|<  )«rn  s  I  r> '  .im  ol  tin-  ihro.ii.  \lt*r  i •■xpansii.ti,  litiwi-vii  , 
the  pressure  rises  to  .1  liu;ti*T  levt  i  .is  ft>r  ttie  lower  plUK 
anKle  whteh  compensates  lor  the  initial  overexpansion  loss, 
and  the  plug  forces  for  the  mtslels  .ire  practically  equal. 
Friction  drag  on  the  plug  decreases  with  an  increase  in  plug 
angle  because  of  the  decrease  in  surface  area.  It  is,  therefore, 
concluded  that  static  performance  increases  slightly  with 
increasing  plug  angle. 

Based  on  the  plug  pressure  distributions  (Figure  l'!2)  it  is 
concluded  that  the  force  data  <'f  model  9  are  erroneous,  as 
there  is  no  agreement  of  force  and  pressure  data.  A  similar 
conclusion  can  be  reached  from  the  plot  of  static  peak 
performance  versus  area  ratio  (Figure  139).  Model  9  is  about 
.4  percent  low  compared  to  the  other  models. 

In  the  presence  of  external  flow,  the  comparison  of  the  plug 
forces  yields  similar  results  as  at  static  conditions. 

Figure  133  shows  the  comparison  of  plug  forces  at  Mach  .8, 
and  there  is  not  much  difference  for  the  range  of  angles 
investigated.  Boattail  drag  increases  with  plug  angle  as 
can  be  seen  in  Figure  131  ,  .md  the  model  performance  level 
depends  on  the  sum  of  plug  force  and  boattail  drag  as  well 
as  internal  and  external  model  friction  drag.  For  subsonic 
Mach  numbers  below  the  drag  rise  (about  M  3  .85),  the  steeper 
plug  angles  yield  slightly  higher  performance.  At  Mach  .9, 
pressure  drag  is  the  predominant  factor  and  low  plug  angles 
are  required  to  reduce  the  boattail  drag  (Figure  131  ). 

It  is  therefore  concluded  that  for  Mach  numbers  up  to  .85,  an 
increase  in  plug  angle  produces  slightly  higher  performance 
for  the  range  of  angles  Investigated.  For  Mach  numbers  over 
.85,  the  trend  is  reversed. 
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b.  High  Boattatl  and  High  Plug  Angle  Models  (12  and  ili) 

Figure  135  shows  the  coaparlsnn  of  the  aodel  12  and  13  thrust 
coefficients.  Model  12  has  a  17.5  “dejirec  plug  angle  and  model  13 
has  a  22.5-degree  plug.  The  thrust  coefficients  show  a 
similar  trend  for  the  low-pressure-ratio  range,  as  observed 
for  the  low  boattall  plug  nozzles;  naaely,  slightly  higher 
perforaance  for  the  steeper  plug  angle  aodel  13.  With  an 
Increase  In  pressure  ratio,  the  perforaance  curves  cross  over 
and  aodel  13  shows  lower  perforaance  than  aodel  12. 

A  coaparlson  of  the  plug  forces  at  Mach  .8  In  Figure  136 
deaonstrates  that,  at  low  nozzle  pressure  ratios  =  1.5), 

the  gain  from  the  pressure  rise  at  the  end  of  the  plug  is 
higher  than  the  loss  In  plug  force  froa  the  Initial  over- 
expansion.  At  the  higher  nozzle  pressure  ratio  =  2.5), 

the  Initial  overexpansion  loss  Is  higher  than  the  gain  due  to 
the  pressure  rise  at  the  plug  end. 

Froa  this  ob.servat ion.  It  Is  concluded  that  for  steeper  plug 
angle  configurations  (  8  =  20  -  25^),  performance  increases 

with  plug  angle  only  at  subcrltlcal  pressure  ratios 
(P  /P^  =  1.89).  At  pressure  ratios  greater  than  critical, 

in 

performance  decreases  with  Increasing  plug  angle. 

Static  peak  perforaance  shows  a  general  trend  of  decrease 
with  an  Increase  In  plug  angle,  as  can  be  observed  In 
Figure  139. 
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^  t  of  N«>//lr  Throat  Ar«M  l*ert  ormance 

a .  Area  Chant;c  by  Expandable  Plug  (Models  6  and  9) 

Models  6  and  9  demonstrate  the  expandable  plug  concept  for 
changing  throat  area  (Figures  18  and  20).  The  geometry  of 
the  models  Is  exactly  the  same  with  the  exception  of  the  plug 
contour.  The  throat  area  of  model  6  is  Increased  by  about 
23  percent  cc<mpared  to  model  9. 

Performance  increases  with  an  increase  In  throat  area  because 
of  the  higher  mass  flow  and  the  Inherent  higher  ideal  thrust. 

A  performance  comparison  of  the  two  models  Is  made  in  Figure  I'M. 
Model  6,  with  a  bigger  throat  area.  Is  overall  higher  In  per¬ 
formance.  The  area  change  by  expanding  the  plug  changes  the 
plug  angle  at  the  throat  location,  and  the  observations  for 
plug  angle  changes  under  paragraph  2  above  also  apply  to  this 
comparison . 

b.  Area  Change  by  Shroud  or  Plug  Translation  (Models  7  and  7A) 

A  variation  In  throat  area  as  demonstrated  by  models  7  and  7A 
could  be  accomplished  by  an  axial  translation  of  plug  or 
shroud  (Figure  19).  The  model  geometry  is  Identical  except 
that  the  plug  size  Is  different.  These  two  models,  therefore, 
demonstrate  the  effect  of  throat  area  change  with  constant 
exit  area  -  without  any  side  effects.  Figure  138  shows  the 
performance  comparison  for  the  test  Mach  numbers.  The 
performance  for  model  7A, having  a  bigger  throat  area.  Is 
considerably  higher  because  throat  area  and  flow  is  about 
twice  as  large  In  comparslon  to  model  7. 

With  external  flow,  the  total  nacelle  drag  coefficient  ^ 

for  the  model  with  the  bigger  throat  area  (7A)  is  smaller 
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il/),  b«'i-.iusc‘  of  tin-  hlr.luT  kJimI  thrust,  the 

thrust  diM- foment  due  to  external  flow  is  relatively  snaller. 
Throat  area  or  the  ratio  of  exit  area  to  throat  area  (Aj,./Arn) 
a  very  Important  parameter  in  plug  nozzle  performar^e  as  shown 
In  Figure  139. 

4 .  Effect  of  Plug  Length  on  Performance  (Models  5  and  lOA) 

The  two  models  (Figures  18  and  21)  are  geometrically  similar 
except  that  lOA  has  its  plug  length  reduced  to  about  two-thirds. 
Model  5,  with  the  full-length  plug,  has  overall  higher  perfor¬ 
mance  (Figure  140).  The  performance  loss  for  plug  truncation 
of  about  .01  to  .04  In  thrust  coefficient  Is  due  to  the 
lower  plug  force  for  the  cut-off  plug  model.  The  pressure  on  the 
plug  base  is  about  equal  to  the  pressure  Just  ahead  of  the  base 
(Figure  112),  whereas  the  pressure  on  a  full-length  plug  rises 
further  (Figures  105  and  112). 

5.  Effect  of  Simulated  Cylindrical  Flow  on  Boattall  Drag  (Models  8 
and  lOB) 

Model  lOB  (Figure  21)  uses  the  same  nacelle  as  model  8 
(Figure  19),  but  has  a  cylinder  attached  to  the  end  of  the 
shroud  to  simulate  cylindrical  flow.  Measured  boattall 
pressures  were  considerably  higher  at  the  end  of  the  shroud 
of  model  lOB  with  the  cylindrical  afterbody  In  comparison  to 
the  12.5-degree  plug  of  model  8  (Figure  141).  The  drag 
coefficient  Is  less  than  40  percent  for  the  cylindrical  flow 
simulator  model,  and  the  drag  stayed  practically  constant  for 
the  range  of  test  Mach  numbers;  on  the  other  hand,  the  plug 
noz/.le  model  experienced  the  usual  drag  rise. 
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The  reason  for  the  low  dra^  of  the  eylindricnl  1  low  simulator 
■<xlel  Is  that  the  flow  conpresses  at  the  end  of  the  nacelle 
afterbody,  un  action  which  results  in  a  pressure  rise  ail  aloni; 
the  boattall  surface.  For  the  case  of  the  plut;  noz/.le  with 
internal  flow,  the  external  flow  converges  further  and,  therefore, 
experiences  a  Buch  analler  rise  in  pressures.  The  plug  nozzle 
Internal  flow  is  converging  for  model  8  at  the  test  pressure 
ratios . 


The  boattall  drag  for  the  cylindrical  flow  sinulatlon  model  is 
the  lowest  for  all  models  tested.  Only  the  low-boattail  mtxlel 
4  comes  close  to  it  (Figure  142). 


PKRFORMAyCK  COMPARISON  OF  ALL  LIFT/CRUISE  FAN  NACELLE  INSTALUTIOWS 
WITH  E<yjAL  NOZZLE  THROAT  AREA 


The  efficiency  of  an  installation  Is  characterized  by  its  value  of 
nu'oat  area  to  maximum  nacelle  cross-sectional  area  (A  /A  ) .  For  the 

o  M 

lift/crulse  fan  Installation,  its  maximum  dlaaieter  is  determined  by  the 
fan  diameter  and  the  structural  requirements  for  the  nacelle.  The 
throat  area  at  cruise  is  defined  by  the  engine  exhaust  gas  flow  and 
the  Ian  flow;  and,  therefore,  the  ratio  of  practically  fixed 

for  a  given  system.  The  problem  is  then  to  develop  an  Installation 
which  offers  high  cruise  performance  with  overall  good  o f f -design 
performance  and  low  weight . 


For  the  present  investigation,  the  best  installations  for  a  given  area 

ratio  of  A  /A  ,43  «an  be  Identified  from  the  comparison  shown  in 

H  M 

figure  113.  For  a  «iuise  Mach  number  around  .8,  the  optimum  conical - 
n..//le  mod<*l  is  nxKlel  3  and  the  best  of  th«*  plug  noz/.lc’s  is  model  14. 
Hoin  mo<l«  ls  ofler  pr.olually  equal  high  cruise  performance  (C.^,  ^ 
and  .96C*).  However,  tite  average*  p<.*r formance  of  three  conual  noz/.le 
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■odels  In  coapariton  to  the  average  perforaance  of  the  plug  nozzle 
aodela  ia  higher  by  about  1  percent  over  the  range  of  Mach  nuabera 
tested.  Besides  perforaance,  the  selection  of  an  Installation  aust 
also  Include  consideration  of  systea  weight,  coaplexlty,  reliability 
and  other  paraaeters  specific  to  the  aircraft  configuration. 

O0IIPAR18OW  or  WOZZLE  DISCHARGE  C0EFPIC1ENT8 

Discharge  coefficients  of  plug  nozzles  at  low  nozzle  pressure  ratios 
show  characteristics  slallar  to  those  of  conical  nozzles.  Conical 
nozzle  discharge  coefficients,  for  pressure  ratios  below  critical, 
fall  off  sharply  froa  their  choked  flow  values  with  a  decrease  In 
nozzle  pressure  ratio  (Figures  42,  43  and  44).  Conical  nozzle  discharge 
coefficients  are  a  function  of  Internal  shroud  angle,  and  they  decrease 
with  Increasing  shroud  angles. 

A  slallar  observation  can  be  aade  for  the  plug  nozzles,  naaely,  that 
discharge  coefficients  decrease  with  an  increase  In  Internal  shroud  or 
flow  angle  (Figures  45  through!  57).  However,  because  of  the  lower  flow 
angles,  the  plug  nozzle  aodel  discharge  coefficients  at  low  nozzle 
pressure  ratios  are  higher  than  the  conical  aodel  discharge  coefficients. 
This  Is  Illustrated  In  Figure  144,  which  shows  a  conparison  of  discharge 
coefficients  for  unchoked  nozzle  operating  conditions  at  Mach  0. 

With  external  flow,  the  discharge  coefficients  are  influenced  by  the 
shroud  base  pressures.  With  hlgher-than-aablent  base  pressures,  the 
flow  coefficient  values  decrease;  and  with  lower-than-aablent  base 
pressures,  the  flow  coefficients  Increase  over  their  static  values. 

The  reason  for  this  change  in  discharge  coefficient  lies  in  Its 
definition  as:  actual  nass  flow  over  Ideal  nass  flow  based  on  nozzle 
total  to  anblent  pressure  ratio,  C  =  ■  /(m  h.  When  the  base 
pressure  differs  fron  the  free-strean  pressure,  the  discharge 


coefficient  changes  froa  Its  static  value.  Because  of  this 
definition,  It  Is  also  possible  that  becoaes  greater  than  unity  in 
the  presence  of  external  flow  when  the  base  pressure  is  lower  than 
free-streaa  pressure. 

Froa  Figure  144,  It  can  also  be  concluded  that  the  discharge 
coefficient  level  for  aodel  7  is  high  by  about  3  percent.  The 
discharge  coefficient  of  this  aodel  should  be  about  equal  to  the  model 
7A  discharge  coefficient  because  of  the  geoaetrlcal  slailarity  of  the 
aodels.  It  is  assuaed  that  leakage  occurred  between  the  aodel  and  the 
flow  aeasuring  station. 

COMPARISON  OF  NACELLE  DRAG  TO  OTHER  TEST  DATA  AND  ANALYTICAL 
CALCULATIONS 

1 .  Coaparlson  to  Other  Test  Data 

There  is  little  data  available  for  coaparlsons  because  of  the 
special  nacelle  contours  of  the  test  aodels.  The  AMES  full  scale 
low  speed  cruise  fan  test  is  perhaps  the  only  valid  coaparlson 
to  the  aodels  in  this  test  (Reference  3).  Total  nacelle  drag 
coefficients  tt  ^  compared  in  the  upper  part  of  Figure  145 
on  the  basis  of  Jet-to-aaxlaum-diaaeter  ratio  and  boattail  angle 
to  the  the  AMES  test  result.  The  AMES  c ruise  fan  drag  coefficient 
Is  slightly  higher  than  the  drag  values  of  the  present  test. 

The  coaparlson  to  NASA  scale  model  tests  of  2"  diameter  conical 
afterbodies  (Reference  1)  is  based  on  the  boattail  fora  drag 
coefficients  as  obtained  by  pressure-area  integration  over  the 
boattail.  With  the  exception  of  the  conical  nozzle  aodels  1,  2 
and  3,  the  drag  coefficients  are  in  general  agreement  with  the 
NASA  test  results  at  Mach  .6  (Figure  145  lower  parts).  At  Mach 
.9,  a  similar  observation  can  be  made,  namely  that  the  data  agree, 


in  general  with  the  NASA  results  with  the  exception  of  Models  1,  2 
and  3,  which  are  low  (Figure  146). 

It  should  be  noted  that  the  coaparlaon  to  the  NASA  data  is  perhaps 
only  valuable  for  observing  the  general  trend  of  drag  coefficients 
as  a  function  of  Jet*>to>iaaxlBUB  Model  dlaMeter  ratio  and  boattall 
angle.  The  llft/crulse  fan  test  Models  had  all  circular-arc 
boattails,  where  the  NASA  Models  had  conical  boattalls  which  should 
give  higher  drag.  The  plug  nozzles  do  recover  a  part  of  the  boattall 
drag  loss  on  the  plug  (C^pi  Figure  119).  Their  afterbody  drag  Is, 
therefore,  to  be  considered  as  the  sum  of  boattall  drag  and  plug 
fom  drag.  However,  plug  forM  drag  is  also  a  function  of  nozzle 
pressure  ratio, thus  Making  a  general  coMparlson  of  drag  data  on 
this  basis  iMposslble. 

It  Is  recoMBiended  to  Investigate  the  effect  of  boundary  layer 
thickness  on  nacelle  boattall  drag  coefficients  since  the  full 
scale  boundary  layer  thicknesses  arc  different  than  scale  Model 
conditions. 

2 .  CowpurlHon  to  Analytical  Calculations 

Nacelle  pressure  coefficients  for  external  flow  Mach  nuMbers  of 
.6  and  .8  were  calculated  for  the  nacelle  of  model  f)  using  the  flux 
plot  conputer  progrsM.  This  progran  is  being  dcvclopcxi  to  provide 
an  analytical  approach  for  the  developnent  and  optimization  of 
axlsysMetrlc  body  shapes.  The  progran  utilizes  the  Raylcigh- 
Janzen  technique  to  correct  the  velocity  potential  for  compress¬ 
ibility  effects.  The  output  from  the  program  Is  based  on  the 
compressible  potential  flow  solution  over  nacelles,  which  provides 
the  pressun*  distribution  over  the  surface  of  the  body.  The 
program  do<-s  imt  calculate  second-order  effects  of  compress¬ 
ibility. 
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A  conparison  the  analytical  results  with  the  teat  <lata  is 
shown  In  Figures  147  and  HH .  At  Mach  .6,  the  level  of  the 
pressure  cuefflclcnts  Is  in  fairly  ^ood  agrceBent  with  the  test 
data  whereas  the  Mach  .8  cunparison  shows  little  agreeinent  In  level. 
The  boattall  test  pressures  are  higher  because  of  the  effect  of 
the  Jet  interaction  with  the  external  flow.  A  cylindrical  boundary 
has  been  issur-ed  for  the  analytical  calculation. 

Proa  this  above  coaparlson,  it  Is  concluded  that  the  flux  plot 
prograa  -  in  its  present  state  of  dcvelopMnt  -  cannot  be  used  to 
predict  pressure  distributions  at  higher  subsonic  Ma'h  numbers. 

The  low  Mach  number  correlation  is  fairly  good. 

It  is  recommended  that  the  flux  plot  program  be  improved  by  adding 
subroutines  for  (1)  estimating  Jet  wake  positions  and  their 
interactions  on  the  Inviscld  flow  field,  (2)  evaluation  of  change 
in  effective  surface  curvature  with  compressibility  due  to 
boundary  layer  influence,  and  (3)  evaluation  of  effect  of  surface 
roughness  on  the  Inviscld  flow  field  considering  especially  the 
smoothing  effect  of  boundary  layer  action. 
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APPENDIX  I  -  DATA  REDUCTION  SAMPLE  CALCULATION 


The  mcaNurements  for  each  tent  point,  a»  defined  by  the  specific 
settings  of  tunnel  Mach  number  and  nozzle  pressure  ratio,  were 
recorded  on  data  sheets.  Pressures  were  converted  to  absolute 
values  in  inches  of  mercury.  Model  nacelle  pressures  were  referenced 
to  the  tunnel  total  pressure  (P>|^  or  Pjq),  in<>del  plug  pressures  were 
referenced  to  the  nozzle  total  pressure  (f're  or  Px|i|).  As  an  example, 
the  data  sheet  shows  run  11-14  which  is  a  test  point  for  model  II 
at  a  nominal  Mach  number  setting  of  .8  and  a  nozzle  pressure  ratio 
of  2.30. 

The  data  were  then  transferred  onto  the  lata  reduction  forms  together 
with  the  model  constants  (Figure  22),  the  balance  constants  (Figure  5), 
and  the  dead  weight  and  seal  calibration  values  (Figures  6  and  7). 

The  measured  gross  thrust  coefficient  was  calculated  according  to  the 
equation  presented  on  Figure  5.  On  the  sample  calculation  form,  a 
gross  thrust  coefficient  of  .968  was  obtained  for  run  11-14.  This 
thrust  coefficient  includes  all  nozzle  internal  losses,  plug  form 
drag,  boattail  drag,  forebody  drag  and  friction  drag  for  the  nacelle 
and  plug  surfaces,  including  3.5  inches  of  the  S-lnch-dlametcr  support 
pipe;  in  short,  all  forces  on  the  metric  section  (Figure  5).  The  .968 
thrust  coefficient  was  then  plotted  in  Figure  38  and  was  used  through¬ 
out  the  report  without  any  further  corrections. 

The  discharge  coefficient  was  calculated  on  the  same  calculation  sheet 
as  the  ratio  of  measured  to  ideal  mass  flow.  A  value  of  Cy  .982  was 
obtained  in  the  sample  calculation.  This  coefficient  was  than  plotted 
in  Figure  54. 
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APPENDIX  II  -  CALCULATION  METHODS 


Gross  Thrust  Coefficients  -  C„,  or  C„  ^ 

_ T^ _ T-D 

With  reference  to  Figure  5  and  using  the  ternlnology  of  this  study, 
the  gross  thrust  coefficients  were  calculated  as  follows; 

.  _  ^  -  "2  ♦  <''c  -  V  Pc  -  *0D  ‘  <''0U-*S>'’x 

^T'  '"T-D  “  (w  /g)v. 

a  1 

The  entering  stream  thrust,  F  ,  was  evaluated  as  (1  +  v)  P~  A  ‘C  C 

w  ftj  1  o  LJ%5 

where  and  are  actual  thrust  and  discharge  coefficients  of  the 

T3  D3  * 

choked  ASME  meter  inlet. 


The  ideal  thrust,  (Wy/g)Vx,  was  calculated  from  the  actual  mass  flow 
and  the  thrust  function  based  on  the  nozzle  pressure  ratio  (A)  as 
shown  below; 


Th>.‘  thrust  function  is  defined  as  shown  below; 
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where  Mach  number  (M)  and  area  ratio(^^^are  functions  of  nozzle 
pressure  ratioy-^ybased  on  the  following  relations; 


with  V  ■  1.4. 


and 


A* 


1^ 

M 


1 


+ 


Y-1 

2 


1 


+ 


Y-1 

2 


.  Y+l_ 
^|2(Y-1) 


Discharge  Coefficient  - 

The  discharge  coefficient  was  defined  in  this  study  as  the  ratio  of 
the  measured  weight  flow  to  the  ideal  flow  at  the  measured  nozzle 
pressure  ratio  as  shown  below: 

C_  _  •  A_  •  P_„  . 

^  ^  D3  3  T2  / 

^8‘**T6  <  critical 

where  A/A*  is  defined  as  above.  For  higher  than  critical  pressure 
ratios  (X  =  critical),  the  nozzle  runs  choked  and  the  area  ratio  for 
the  conical  nozzle  equals  one  (A/A*  =  1.0). 


Pressure  Coefficient  -  Cp 

Pressure  coefficients  were  calculated  for  the  external  nacelle 
surfaces  from  the  static  pressure  measurements  using  the  conventional 
def ini t ion 
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Total  Nacelle  Drag  Coefficient  “  ^ 

The  total  nacelle  drag  coefficient  was  evaluated  from  the  static  and 
the  thrust-minus-drag  coefficient  in  the  following  manner; 


C 


D  n 


where  (Wa/g)Vi  is  as  defined  above.  Cp  n  includes  all  drag  effects 
on  the  model,  including  surface  friction. 


Boattail  Drag  Coefficient  -  C_  „ 

_ ^ _ D  BT 

The  boattail  drag  coefficients  were  calculated  from  he  static 
pressure  measurements  along  the  nacelle  afterbody  by  graphical 
Integration  of  the  pressures  over  the  nacelle  cross-sectional 
projected  area  using  the  relation: 


!  P.  -  P,)  dA 

c  .  ' 

D  BT  q«>  •  \ 

The  friction  drag  of  the  nacelle  boattail  is  not  included  in  the 
boattail  drag  coefficient. 


Plug  Form  Drag  Coefficient  ~  p 

This  coefficient  is  a  measure  of  the  effect  of  external  flow  on  the 
plug  force  at  .static  conditions  or,  in  other  words,  on  the  Internal 
nozzle  performance.  It  was  determined  by  calculating  plug  forces 
from  the  measured  pressure  distributions  for  the  test  pressure  ratios 
at  Mach  0  and  the  respective  external  flow  Mach  number.  The  plug 
force  was  computed  by  graphical  integration  of  the  plug  pressure 
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(1  islributlon  versus  projected  plug  area.  The  definition  of  the  plug 
form  drag  coefficient  is  then: 

DP*  \ 

Forebody  Drag  Coefficient  ” 

The  forebody  drag  coefficients  were  calculated  from  the  static 
pressure  measurements  along  the  nacelle  forebody  by  graphical 
integration  of  the  pressures  over  the  nacelle  cross-sectional 
projected  area  with  the  relation: 

J(p.  -  p,)  d* 

D  FB  \ 

Forebody  friction  drag  is  not  Included  in  this  coefficient. 


Model  Friction  Drag  Coefficient  "  ^ 

The  friction  coefficient  was  determined  from  the  above  defined  drag 
coefficient  in  the  following  manner: 

^D  f  *  S  n  ■  (S  BT  FB  ^D  pj  ‘ 

This  friction  coefficient  consists  of  the  friction  on  the  model 
nacelle  surface  (including  3.5  inches  of  the  5-inch  diameter  support 
pipe)  and  the  plug  surface. 
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Conical  Nozzle  Systea 


Plug  Nozzle  Syatea 


Figure  1.  Coeparlson  of  Conical 

and  Plug  Nozzle  Cruise  Fan 
Systeas . 
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Wind  Tunnel 
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Figure  4.  Boundary  Layer  Rake 

Pressure  Distribution 
at  Test  Mach  Nuebers. 
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Figure  6.  Balance  Dead  Weight 

Calibration  -  Channel 
5,  2-27-64. 
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Figure  10.  Side  View  of  Plug  Nozzle  Model. 


Close  View  Plug  Nozzle  Model 
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Fi^re  13,  Close  View  Conical  Nozzle  Model 
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Figure  15.  Views  of  Model  Details 
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Figure  16.  Geonetrlc  Details  of  Models  1  and 


Lt/Dm  2.1 
R  /  Dm  5.1 


Ae/Ath 


Lt/Dm  1.74 
R  /  Dm  2.80 


Figure  18.  Geometric  Details  of  Models  5  and  6. 
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Geometric  Details  of  Models  7  7A  and 
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Figur*  20. 
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Figure  21.  Geoaetrlc  Details  of  Models  lOA  and  lOB. 
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inure  23. 


Thfui^  Co#riii:i^nt 


Nozzle  Presjure  Ratio 


Fij'ure  26.  Exhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  1. 
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ThriMt  Coefficient 


l.i  1.4  1.6  1.8  i.O  i.i  2.4 


Nossie  Pressure  Ratio  P_„/P 

TN  •• 

Figure  28.  Exhaust  Systea  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  3. 
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Thrust  Co«fflcl«Dt 


Figure  29.  Exhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  4. 
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Thrust  Coefficient 


Figure  30.  Exhaust  System  Performance 
as  a  Function  uf  Mach  No. 
and  Pressure  Ratio  - 
Model  5. 
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TN  • 

Figure  31.  Exhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio- 
Model  6. 


Figure  32.  Exhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  7 . 
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Thrust  Cosfflclsnt 


Figure  33.  Exhaust  Systea  Performance 
as  a  Function  of  Mach  No, 
and  Pressure  Ratio  - 
Model  IK. 


81 


icnjyx 


Nozsle  Pressure  Ratio  P_„/P 
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Figure  34.  Exhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  8. 
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Figure  35.  Exhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  9. 
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Figure  36.  Exhaust  Systen  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  10. 
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Figure  37.  Exhaust  Systea  Perforaance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  lOA. 
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Figure  39.  Kxhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
Model  12. 


Figure  40.  Exhaust  Systea  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
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Figure  41.  Exhaust  System  Performance 
as  a  Function  of  Mach  No. 
and  Pressure  Ratio  - 
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Oiach«rf«  Coefficient 


Nozzle  Pressure  Ratio  P^  P 

TN  ® 

Figure  42.  Discharge  Coefficient  Versus 
Mach  Number  and  Pressure 
Ratio  -  Model  1. 
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Figure  43.  Discharge  Coefficient  Versus 
Mach  Number  and  Pressure 
Ratio  -  Model  2. 
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44.  Discharge  Coefficient  Versus 
Mach  Nuaber  and  Pressure 
Ratio  -  Model  3. 
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Figure  45.  Discharge  Coefficient  Versus 
Mach  Nuaber  and  Pressure 
Ratio  -  Model  4. 
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Figure  46.  Discharge  Coefficient  Versus 
Mach  Number  and  Pressure 
Ratio  -  Model  5. 
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Discharge  Coefficient  Versus 
Mach  Number  and  Pressure 
Ratio  -  Model  6. 
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Figure  48.  Discharge  Coefficient  Versus 
Mach  Nunber  and  Pressure 
Ratio  -  Model  7. 
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Discharge  Coefficient 


Figure  49.  Discharge  Coefficient  Versus 
Mach  Nuaber  and  Pressure 
Ratio  -  Model  7A. 
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Figure  50.  Discharge  Coefficient  Versus 
Mach  Number  and  Pressure 
Ratio  -  Model  8. 
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Kicure  51.  Dischart;e  Coelf  iclont  Versu 
Mach  Number  and  Pressure 
Ratio  -  Model  9. 
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Figure  52.  Discharge  Coefficient  Versus 
Mach  Nuaber  and  Pressure 
Ratio-  Model  10. 
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Figure  S3.  Discharge  Coefllcient  Versus 
Mach  Nuaber  and  Pressure 
Ratio  -  Model  lOA, 
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Ratio 


Figure  55.  Discharge  Coefficient  Versus 
Mach  Number  and  Pressure 
Ratio  -  Model  12. 
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Figure  56.  Discharge  Coefficient  Versus 
Mach  Nuaber  and  Pressure 
Ratio  -  Model  13. 
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Figure  59.  External  Pressure  Distribution 
as  a  Function  of  Axial  Distance 
and  Mach  No.  -  Model 


Figure  60.  External  Pressure  Distribution 
as  n  Function  of  Axial  Distance 
and  Mach  No.  -  Tiodel  3. 
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Figure  63.  External  Pressure  Distribution 
as  a  Function  of  Axial  Distance 
an.!  Mach  No.  -  Model  6. 
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Figure  64.  External  Pressure  Distribution 
as  a  Function  of  Axial  Distance 
inJ  i'lach  No.  -  Model  7. 


Figure  65.  External  Pressure  Di  .st  r  ibut  ion 
as  a  Function  of  Axial  Distance 
and  Mach  No.  -  Moile  1  7A . 


Figure  66.  External  Pressure  Distribution 
as  a  Function  of  Axial  Distance 
and  Mach  No.  -  Model  8. 


Figure  67.  External  Pressure  Distribution 
as  a  Function  of  Axial  Dist.^nce 
and  .Vach  No.  -  Model  'J . 
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Figure  69.  External  Pressure  Distribution  as  a 
Function  of  Axial  Distance  ami  Mach 
No.  -  Model  lOA. 
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Figure  79.  Plug  Pi  -  -ure  Distribution 
as  a  Fuh'  I  .on  of  Axial 
Distance  and  Pressure  Ratio- 
Model  7A,  Mach  No.  =  0. 
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Figure  81.  Plug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio- 
Model  9,  Mach  No.  =0. 
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Figure  82.  Plug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio 
Model  10,  Mach  No.  =  0. 
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Figure  83.  Plug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio- 
Model  lOA,  Mach  No,  =  O. 
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Figure  84.  Plug  Pressure  Distribution 
as  a  I  unction  of  Axial 
Distance  and  Pressure  Ratio- 
Model  11.  Mach  No.  =  0. 


Figure  86.  Plug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio- 
Model  13,  Mach  No.  =  0. 
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Figure  89.  Flug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio- 
Model  4,  Mach  No.  =.8. 


Figure  90.  Plug  Preeeure  Distribution 
ms  m  Function  of  Aximl 
Distance  and  Pressure  Ratio- 
Model  5.  Mach  No.  =.8. 


FiRure  91.  Plug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio- 
Model  7,  Mach  No,  -.8, 
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FiKure  95.  PIuk  Pressure  Distribution 
as  .1  Function  of  Axial 
Distance  and  Pressure  Ratio- 
MtHlel  10,  Mach  No.  ^  .8. 
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Figure  98.  Plug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio- 
Model  12.  Mach  No.  =  .8. 
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Figure  105.  Sozzle  Plug  Static  Pressure 
Distribution  -  Model  5, 

Mach  No,  =  All 
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Figure  106.  Nozzle  Plug  Static  Pressure 
Distribution  -  Model  6, 

Mach  No.  =  All . 


Figure  107.  Nozzle  Plug  Static  Pressure 
Distribution  -  Model  1, 

Mach  No.  =  A1 1 . 
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iRure  109.  Nozzle  Plug  Static  Pressure 
Distribution  -  Model  8, 

Mach  No  All. 


as  a  Function  of  Axial 
Distaaca  and  Prassura  Ratio- 
Modal  9,  Mach  No.  =  All. 


Nozzle  Plug  Static  Pressure 
Distribution  -  Model  10, 
Mach  No.  =  All. 
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Flgur*  114.  Plug  Pressur*  Distribution 
as  a  Function  of  Axial 
Oistanca  and  Prassura  Ratio 
Modal  12,  Mach  No.  =  All. 


Plug  Pressure  Distribution 
as  a  Function  of  Axial 
Distance  and  Pressure  Ratio- 
Model  13,  Mach  No.  =  All. 
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Figure  118.  Nacelle  Boattall  Drag 

Coefficient  (Not  Including 
Friction)  at  Various 
Mach  Nuabers. 
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Figure  119.  Nozzle  Plug  Fora  Drag 

Coefficient  (Not  Including 
Friction)  at  Varloun  Mach 
Nuabers . 
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Figure  1^0.  Performance  Comparison 

of  Conical  Exhaust  Systems. 
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Figure  122.  Loss  Breakdown  of  Models 
1  and  3  at  Mach  -  .8. 


Figure  123.  Loss  Breakdown  of  Models 
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Figure  126.  Effect  of  Boattall  Geoaetry 
on  Perforaance  for  Low 
Boattall  Plug  Nozzles  - 
Models  4  and  5. 
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Figure  127.  Coaparlson  of  Nacelle 

Boattall  Drag  Coefficient 
(Not  Including  Friction) 
Models  4  and  5. 


Critical  Nacelle  Mach  Niuaber 


Boattall  Radius  to  Maxlaua  Model 
Diaaeter  Ratio  -  R/D^^ 


Figure  128  Model  Critical  Nacelle 
Mach  Number. 
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Figure  129.  Effect  of  Boattail  Geometry 
on  Performance  for  High 
Boattail  Plug  Nozzles  - 
Models  12  and  14. 
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Figure  131.  Effect  of  Plug  Angle  on 

Perforaance  for  Low  Boat  tail 
Plug  Nozzles  -  Model  5,  9 
and  10. 
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Figure  132.  Coaparlson  of  Plug  Forces 
for  Models  5,  9,  and  10  at 
Mach  =  0. 
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Figure  133.  Comparison  of  Plug  Forces 
for  Models  5,  9,  and  10  at 
Mach  .8. 
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Figure  134.  Coaparison  of  Nacelle 

Boattail  Drag  Coefficient 
(Not  Including  Friction) 
Models  5,  9,  and  10. 
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Figure  137.  Effect  of  Throat  Area  on 

Perforaance  for  Expandable 
Plug  Concept  -  Models  6 
and  9. 
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Figure  138.  Effect  of  Area  Ratio  on 
Performance  -  Models  7 
and  7A. 
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Figure  139.  Effect  of  Area  Ratio  on 
Peak  Perforaance  at  Mach 
Zero. 
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Figure  140.  Effect  of  Plug  Length  on 

Performance  for  Plug  Nozzle 
-  Models  5  and  lOA. 
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Figure  141.  Effect  of  Simulated 
Cylindrical  Flow  on 
Boattail  Pressure 
Coefficient  -  Models 
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Figure  112.  Coaparison  of  Nacelle 

Boattail  Drag  Coefficient 
(Not  Including  Friction) 

Models  8  and  lOB. 


190 


for  All  Models  With  Equal 
Throat  Area. 
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Figure  145.  Coaparlson  of  Drag 

Coefficleata  to  Otber 
Teat  Data  at  Mach  .6. 
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Test  Data  at  Mach  .9. 


194 


IP 

c 

w 

X 

N-i 

c 

0^  c 

0 

1 

-•  0 

r-l  -H 

4-> 

« 

♦> 

cs 

E 

U  3 

-w4 

ett  ^ 

3 

1 - 1 

Z  -H 

u 

u 

U 

« 

SH  4^ 

es 

V 

0  « 

U 

E 

• 

C  Q 

iO 

U 

0 

«« 

• 

(ft  0) 

u 

U 

£ 

E 

u  a 

u 

o 

cl  (A 

>. 

c« 

pH 

a  (A 

2 

< 

a  0) 

m 

0  u 

q 

w 

t) 

u  cu 

Cl 

u 

E 

m 

#9 

c::! 

Z) 

-H 

u 

>0 

3 

tx 

X 

< 

Urn 

19S 


It6 


Axial  Distance  Along  Centerline  -  In, 

Figure  148.  Coaparison  of  Nacelle 

Pressure  Distribution  to 
Analytical  Calculations 
at  Mach  .8. 


DISTRIBUTION 


U.  S.  Army  Materiel  Command 
U.  S.  Army  Mobility  Command 
U.  S.  Army  Aviation  Materiel  Command 
Chief  of  RI(D,  D/A 

U.  S.  Army  Transportation  Research  Command 
U.  S.  Army  Research  and  Development  Group  (Europe) 
U.  S.  Army  Natick  Laboratories 
U.  S.  Army  Engineer  Research  and  Development 
Laboratories 

U.  S.  Army  Signal  Research  and  Development 
Laboratory  Liaison  Office 
U.  S.  Army  Limited  War  Laboratory 
Army  Research  Office-Durham 
U.  S.  Army  Research  Support  Group 
U,  S.  Arr.y  Engineer  Waterways  Experiment  Station 
U.  S.  Army  Combat  Developments  Command 
U.  S.  Army  Combat  Developments  Command 
Aviation  Ag  ency 

U.  S.  ArmyCDC,  Transportation  Agency 
U.  S.  Army  War  College 

U.  S.  Army  Command  and  General  Staff  College 
U.  S.  Army  Transportation  School 
U.  S.  Army  Aviation  School 

U.  S.  Army  Transportation  Center  and  Fort  Eustis 
U.  S.  Army  Aviation  Test  Board 
U.  S.  Army  Aviation  Test  Activity 
U.  S.  Army  Representative,  Air  Force  Systems 
Command.  Andrews  AFB 

Air  Force  Systems  Command,  W  right-Patterson  AFB 

Air  Force  Flight  Test  Center,  Edwards  AFB 

Air  Proving  Ground  Center,  Eglin  AFB 

Air  University  Library,  Maxwell  AFB 

Bureau  of  Naval  Weapons 

U.  S.  Naval  Postgraduate  School 

Naval  Air  Test  Center 

David  Taylor  Model  Basin 

Marine  Corps  Educational  Center 

Ames  Research  Center,  NASA 

NASA'LRC,  Langley  Station 

Lewis  Research  Center,  NASA 

Manned  Spacecraft  Center,  NASA 


NASA  Representative,  Scientific  and  Technicad 
Information  Facility 

National  Aviation  Facilities  Experimental  Cente 
Canadian  Liaison  Officer, 

U.  S.  Army  Transportation  School 
Defense  Documentation  Center 
U.  S.  Government  Printing  Office 


o 

o 

9 

< 

•1 


m  n 

9  (I 

9  9 


I 

•9 


C  . 

O  I  M- 


o 

90 

C 

c 

H 

C4 

o 

c 

O 

o 

o 

Z 

G 

G 

►- 

H 

U 

Z 

0 

9 

3 

¥ 

9 

0 

n 

3 

9 

0 

0 

o 

9 

3 

(0 

9 

0 

N 

9 

n 

> 

s 

O 

3 

CO 

3 

3 

3 

9 

O 

> 

0) 

0 

3 

00 

a 

C 

H 

la 

y 

3 

0 

9 

< 

< 

a 

C 

H 

3 

3 

1 

H- 

9 

90 

3 

s 

>• 

*1 

9 

9 

1 

9 

Z 

3 

9 

W 

M* 

a 

5o 

9 

n 

•1 

rt 

9 

? 

s 

9 

9 

Q 

O 

n 

C 

o 

r 

Z 

Z 

a 

9 

o 

O 

n 

Q 

M* 

d 

0 

9 

r4 

z 

9 

a 

0 

Q 

n 

9 

z 

i 

0 

i 

3 

►- 

3 

3 

3 

a 

0 

t 

0 

3 

9 

u 

H 

r> 

3 

e 

3 

a 

9 

H 

•1 

90 

z 

9 

1 

1 

9 

9 

H 

Z 

'a 

Z 

o 

9 

a 

9 

9 

9 

Q 

n 

n 

•o 

n 

O 

a 

a 

9 

9 

o 

9 

9 

O 

V 

5 

z 

rf 

0 

9 

9 

9 

o 

C  >-1 


M-  O 
O  • 


90  K 
<» 


•1 

r> 


3 

9 

■ 

n 

5  o 

> 

m 

2 

9 

1 

n 

5  o 

o 

0 

►- 

s 

►1  ►- 

1 

o 

0 

0 

*1  H- 

> 

9 

1 

N 

a 

9 

lO 

a 

a 

•n  c 

N 

a 

9 

ro 

a 

N 

3 

9 

2 

►- 

a 

1 

m 

^  9 

N 

2 

9 

3 

w 

a 

1 

►- 

0 

►- 

a 

la 

1 

a 

• 

Z  93 

0 

a 

a 

a 

a 

9 

N 

o 

►- 

CO 

> 

9 

9 

N 

o 

1 

z 

9 

N 

a 

H- 

W  3 

9 

N 

fM 

a 

• 

> 

►- 

9 

> 

d 

9 

> 

a 

9 

9 

3 

H- 

1 

z 

z  ^ 

a 

9 

9 

3 

z 

9 

f4 

a 

9^ 

> 

9 

9 

M* 

9 

a 

a 

1 

9 

3 

9 

10 

i 

Z 

9 

c  m 

9 

to 

> 

V 

9 

3 

9 

CO 

n 

n 

CO  < 

3 

9 

10 

k 

9 

3 

0 

C 

z 

1 

9 

3 

H  9 

3 

0 

c 

z 

n 

9 

9 

9 

a 

3 

• 

•o 

3 

3 

9 

a 

3 

• 

1 

9 

3 

3 

a 

3 

3 

CO  a 

3 

3 

M- 

0 

9 

H 

9 

Z 

<  9 

0 

9 

a 

9 

3 

< 

n 

CO  ^ 

< 

H 

•1 

Z 

9 

H  9 

9 

•1 

•-f 

m 

:3 

n 

90 

C 

CO 

pq 

S! 

SC 


c 

3 


u 

ro 

M- 

u 

• 

• 

• 

• 

• 

►- 

H 

r*3 

r 

rr 

H 

r 

D 

9 

X 

o 

m 

£ 

M- 

►- 

9 

3 

Ml 

3 

9 

3 

CO 

K 

9 

9 

ro 

3 

9 

►- 

C 

\ 

C 

C 

\ 

a 

9 

n 

9 

a 

9 

n 

o 

•n 

o 

a 

C 

c 

> 

Z 

Z 

> 

Z 

M* 

►- 

X 

9 

c 

9 

a 

9 

9 

N 

a 

9 

9 

10 

N 

ro 

10 

9 

•■J 

1— 

10 

e 

•a 

z 

9 

9 

9 

z 

m 

9 

3 

9 

3 

n 

O 

o 

z 

C 

G 

H 

0 

0 

0 

9 

3 

9 

z 

o 

o 

3 

3 

►- 

9 

O 

> 

z 

n 

0  m 

3 

9 

< 

< 

a 

C 

H 

a 

3 

3  Z 

M 

3 

9 

9 

1 

►- 

9 

Z 

3 

3  W 

0 

9 

•1 

a 

9 

m 

> 

>• 

Z 

Z 

►- 

9 

9 

n 

n 

z  z 

9 

9 

9 

Q 

M- 

Q 

0 

9 

C  O 

r 

3 

3 

a 

0 

K 

3 

►- 

X 

M* 

3 

m 

1 

1 

9 

9 

H 

*1 

Z 

9  *0 

H 

Z 

n 

n 

9 

a 

9 

9 

9 

'<  Z 

9 

H- 

0 

9 

9 

O 

•0 

Q 

n 

n 

c 

3 

►- 

9 

z 

3 

0 

O 

z 

z 

9 

9 

a 

9 

G 

a 

O 

1 

no 

►- 

o 

3 

9 

■ 

n 

0 

D 

> 

9 

Z 

n 

0 

M- 

0 

•1 

►- 

z 

w 

N 

a 

9 

lO 

a 

a 

1 

o 

N 

3 

9 

3 

a 

1 

•a 

0 

0 

►- 

a 

a 

1 

a 

e 

> 

B 

9 

N 

o 

►- 

fC 

• 

z 

x> 

9 

N 

a 

9 

9 

> 

•o 

> 

n 

3 

a 

9 

9 

3 

1 

z 

• 

9 

a 

a 

> 

9 

z 

>• 

9 

to 

i 

V 

“a 

3 

9 

ro 

o 

f* 

9 

G 

zn 

2 

0 

c 

z 

1 

(t 

9 

< 

9 

a 

3 

• 

9 

n 

H 

9 

3 

a 

3 

3 

3 

9 

H 

9 

M- 

Z 

a 

0 

►- 

•1 

3 

•< 

9 

< 

Z 

Z 

►- 

9 

H 

9 

*1 

tr 

CO 

ro 

• 

• 

• 

H 

p: 

r 

cr 

O 

9 

X 

X 

►- 

9 

3 

3 

ro 

3 

9 

r» 

9 

C 

\ 

C 

a 

9 

n 

9 

O 

•1 

r> 

c 

> 

Z 

Z 

*< 

9 

a 

9 

C 

N 

IC 

N 

10 

9 

►— 

Z 

9 

9 

9 

3 

9 

n 

0 

3 

< 

*1 


ri  90 
0  ft 
^  u 
a  c 

I  ►- 


•q  ►-  » 

9  9  0 
9  9  <  0 


I 

9 

►- 

C 

K 

3 

0 

N 

N 

9 

m 


0 

< 

9 

1 


A  “  » 

c  »  <♦ 

3  M  tt 
M-  9 
O  I  M> 

"  r 

a  9 

3  9  3 

o  M  a 

N 

N  rt  < 
9  H- 
9  9  3 

•  rt  a 
a 

ao 

3  0  C 

a  Ml  3 

3 

9 


G  G  •- 
3  CO  ^ 

O  >  S 
»-  H  ^ 
9  90 

a  m  ^ 
won 

S§ 


H 

9 

n 

sr 

3 

M- 

n 

9 


a 


90 

9 


H  1 

9  9 

a 

90  K 
9  *1 

’O  ►-  O  ^ 

0  o  > 

*1  ^  9^ 

10  ifik 
M  i9  I 
1^  I  C/t 
O  ^  CO 

>  ^ 

I  CO 

9 
TJ 


ro  O 


I 


9 

■ 

w  *1 


CO 


10 


•-  H 

D  9 

^  m 

10  9* 


o 

> 


lo 

lO 

OD 


m 

& 

9 

C 

9 


CO 

X 

a 

9 

■ 


r 


\ 

n 

•1 

c 

a 

9 

9 

3 


G#ll9ral  Electric  Coapany,  Evendale,  1.  Bxhauat  Nozalea  General  Electric  Coapany,  Evendale,  1.  Exhauat  Nozzles 


p 

ft 

•1 

ft 

m 

a 

►ft  ►ft 

o 

. 

ft 

ft 

m 

a 

0 

9^  P 

ft 

c 

ft 

m  0 

0 

0) 

p 

ft 

c 

1  »  0 

i 

^  9 

V 

ft 

m 

9  ft 

a 

• 

9 

TJ 

ft 

P  9  ft 

V 

m 

ft 

»ft 

m 

ft 

T9 

m 

ft 

►ft  M  a 

n 

ft 

ft 

p 

1 

9  7 

m 

# 

ft 

ft 

p 

1  9  gr 

•1 

OD 

p 

n 

P  Q 

ft 

00 

m 

ft 

•  P  0 

^  0 

ft 

ft 

ft  a 

ft 

0 

ft 

a 

o  a 

a 

9 

m 

ft  '< 

a 

►^ 

9 

p  ft 

P 

T9 

9 

p 

TJ 

9  ►- 

9  ^ 

P 

ft 

a 

^  p 

ft 

9 

P 

ft 

a  ►-  p 

0 

a  . 

f* 

ft 

ft  9 

0 

a 

• 

ft 

ft 

ft  9 

»o 

P 

a 

a 

10 

ft 

a  a 

• 

< 

P 

0 

< 

p 

X  r* 

ft 

C 

p 

3  < 

ft 

c 

P  9  < 

jr 

•  0 

ft 

n 

..  P 

ar 

0 

ft 

O  P  p 

ft 

9* 

ft  ft 

ft 

ft 

9  ft 

(0 

P 

P  ►- 

ft 

ro 

P  P  - 

H  • 

a 

ft 

^  c 

H 

• 

a 

ft  —  a 

ar  iP 

PQ 

•-  c 

O 

iP 

r* 

JO  ^  c 

ft 

p 

ft 

p  p 

ft 

ft 

8 

ft  P  X 

U9 

p 

ft 

ift 

1 

f^ 

X 

9 

ft 

^  D 

p« 

ft 

n 

^  9 

f^ 

3 

ft 

ft 

c  ^  a 

ft  a 

C 

»* 

C 

c  ^ 

ft 

a 

•• 

a  a  — 

a 

p 

cr 

ft 

3 

a 

X 

ft  3 

& 

P 

c 

►ft 

P  ft 

p 

X 

C 

X  ft 

«« 

ft 

►ft 

^  ft 

ft 

f*> 

►^  •  ft 

fi) 

•1  ^ 

P 

ft 

^  7 

ft  9Q 

0 

ft 

p  5 

ft 

P 

►^ 

0 

ft  p  a 

p 

w  ar 

P 

9 

ft  a 

P 

P 

9 

P 

9 

M.  ft  a 

9 

C 

9 

P 

ft 

ft  ^ 

9 

C 

9 

P 

ft  ft  ►^ 

a 

9 

ft 

a 

3  (t 

K 

9 

P 

f* 

ft  p 

ft 

OS 

P 

(-►  ft  X 

‘j 

X  P 

C 

ft 

X 

ft  ^ 

p 

X 

ft 

p  ft  • 

9 

ft 

N 

ft 

9 

ft 

N 

ft 

V 

9 

P  9- 

N 

9 

0  X 

p 

p 

9 

N 

P  0  X 

ft 

T 

X 

ft  ►- 

ft 

•o 

X  ft  ►- 

*• 

r 

ft 

a 

ft 

9 

ft 

ft 

^  9 

r* 

ft 

P 

r  c 

iJ 

ft 

ft  ft  a 

p  a 

r 

ft 

a  «- 

— 

m* 

a 

X 

(t  c.  - 

rj 

3  cr 
p  ft 

ft 

ft 

•  9 

ft 

9 

9 

ft 

ft 

—  •  p 

P 

ft 

3 

9 

P 

ft 

ft 

9 

•-  ft 

X 

ft 

X 

r* 

X 

X 

ft 

9 

H  3 

%< 

X 

X 

ft 

Th 

as 

* 

N 

a 

X 

ar  x: 

(ft 

N 

c 

a 

9 

ft  c 

ft 

ft 

P 

ft 

C 

ft 

ft 

a 

ft 

B 

— 

•• 

ft 

3  “  — 

:  /  - 

“ 

«  * 

X 

•'.a 

c 

9 

* 

ft 

ft 

a  -  - 

•- 

9  A 

ft 

3 

a 

^  • 

9 

• 

-• 

—  . 

ar 

— 

9 

* 

. 

- 

- 

ft 

* 

* 

- 

• 

• 

X 

X 

X 

X 

• 

ft 

ft 

ft 

•  ft 

ft 

p 

a 

►% 

(ft 

• 

ft 

ft 

P 

a  ►ft  ►ft 

C 

9)  p 

ft 

C 

ft 

P  C 

0 

09 

P 

ft 

C 

1  »  0 

1 

>•  9 

•o 

ft 

p 

9  ft 

a 

9 

TD 

ft 

POT 

V 

99 

ft 

9Q 

ft 

T9 

90 

ft 

►ft  W  ft 

P 

.  ft 

ft 

P 

1 

9  O’ 

p 

• 

ft 

ft 

p 

1  9 

1 

QD 

m 

ft 

*« 

P  0 

ft 

00 

a 

0 

>•  P  O 

9 

0 

ft 

ft 

n  a 

ft 

0 

ft 

ft 

o  5 

a 

9 

p 

ft  x 

a 

9 

p  ft  a 

P 

V 

9 

p 

ft 

TJ 

3  ►-  '< 

f» 

9  ►- 

P 

ft 

a 

^  p 

9 

P 

ft 

a 

0 

a  • 

ft 

ft  9 

0 

a 

• 

ft 

ft  p 

10 

P 

a 

a 

to 

H* 

P 

a  3 

0 

• 

< 

P 

►* 

0 

• 

< 

P 

^  a 

ft 

c 

p 

9  < 

f^ 

ft 

ft 

c 

P  9 

y 

•  0 

ft 

ft 

P  P 

o 

• 

0 

ft 

n  a  < 

ft 

»— 

ft 

9' 

ft 

ft 

►- 

ft 

9  P 

•1 

10 

M- 

P 

m 

ft 

to 

t)  0  *1 

H  . 

a 

ft 

•-  0 

• 

►ft 

a 

ft 

9*  Jk 

<♦ 

H-  c 

ft 

H 

ip 

rft 

►*  09  0 

ft 

ft 

\ 

p 

ft 

p  p 

ft 

ar 

\ 

P 

ft  P  C 

m 

P 

o 

f* 

1 

p 

ft 

p 

O 

ft 

1  ft  p 

«-►  9 

ft 

ft 

ft 

►-  p 

ft> 

9 

ft 

ft 

ft  M* 

ft  a 

c 

0 

0 

rt 

a 

c 

OOP 

a 

p 

O' 

ft 

9  ft 

a 

ft 

►^ 

O' 

ft  9  ►ft 

p 

» 

e 

►ft 

P  ft 

9 

P 

p 

c 

►ft  P  fft 

1^ 

ft 

ft 

•ft 

ft 

ft 

ft 

►ft  ft 

p 

ft 

O' 

a 

►►« 

►^ 

►*  1 

ft  iQ 

►ft 

0 

ft 

a  0 

ft 

iQ 

►ft 

0 

ft  P  or 

p 

m  £r 

p 

9 

M- 

ft  a 

p 

ft 

9 

p 

9 

H-  *1  0 

9 

c 

9 

P 

ft 

ft 

9 

P 

9 

P 

ft  ft  a 

a 

►- 

3 

ft 

a 

C 

9  ►►• 

^  ¥ 

3 

P 

ft  p 

K 

9 

P 

>1  ft 

p 

m  P 

0 

ft 

P 

ft  ^ 

p 

P 

0 

ft 

■  « 

9 

ft 

N 

ft 

•o 

9 

P 

ft 

N 

ft 

V 

P 

p  sr 

N 

P 

0  P 

P 

9 

N 

P  0 

►- 

ft 

►-  T3 

m 

ft  M- 

P 

►- 

TJ 

p  *1  p 

'< 

ft  9 

ft 

ft 

a 

v< 

ft 

9 

• 

ft 

ft  ^ 

f* 

C 

ft 

ft 

ft  c 

ft 

C 

ft 

ft  ft  a 

►* 

p  a 

T3 

P 

ft 

a  ►^ 

a 

T3 

P 

ft  a  c 

ft 

9  9 

ft 

ft 

►— 

•  a 

n 

P 

o 

ft 

ft 

•  ►- 

P 

P  ft 

ft 

9 

p 

9 

ft 

ft 

9 

M  p 

HP 

m 

ft 

H- 

P 

ft 

P 

ft 

ft 

'<  » 

m 

ft 

P 

H  9 

►— 

m 

P 

ft 

•  H  H- 

ft 

N 

c 

a 

p 

ar  fQ 

n 

C 

a 

«  S’  9 

P 

ft  0 

ft 

ft 

P 

N 

0 

ft 

*1  99 

* 

a 

ft 

•ft 

B 

c  •- 

•— 

ft 

ft 

•ft 

a  c 

• 

ft 

0 

0 

m  ►^ 

o 

a 

0 

0  P  ►- 

C 

p  • 

ft 

ft 

a 

•-►  •-% 

c 

m 

ft 

ft 

a  fft  ►►> 

> 

9^ 

3  o 

p 

ft 

1  ft- 

►- 

p 

O 

P 

•  •  H( 

P 

a  ^ 

f* 

ft 

►- ' 

-  \ 

p 

9 

ft 

^  ^  ft 

1^ 

ar 

n 

rf 

a 

9 

i 

• 

0 

ft 

ft 

• 

0 

ft 

ft 

0 

iP 

c 

0 

iP 

•1 

9 

9 

c 

m 

p 

P 

►ifc 

• 

ft 

• 

p 

■'UUIti 

Ml»  i«WI 

ft 

- 

V. 


n  A  A  ■ 
0  0  0  * 

■  a  M  ■ 


: : 

n  *1 


9 


a  e 

I  M 

m 

i 


2i?  1 
^R.  : 


O 

•« 


0 

M  0  9 
C  9  ^  9 

m  ^  m 

n 

9 
0 
H 

N  9  9  9 

r  0  •-  a 

9  9 

9  9  9 

*-*  9  ^ 

9  9  9  9 

»»  9  ^ 

•  RR§ 

9 

9 


C  C  M  H 

s  sss 

rs"? 

•  H  ^ 

•  Q  O  o 

::S§  t 

2  H  1  » 
Cl  9  9  9 
m  n  IB 

2P  pr  5 

9  1 

5  ►-  O  #-► 
0  O  > 

1  ^  0> 
10  ^  9^ 
•-  A  I 
i9  I  1^ 
O  ^  ^ 

>  3"* 

•  I  % 

•  ^  9 
*1 


n  o 

o  0 

9  O 

<  < 

9  9 

•1  *1 

9  9 
9  9 


29 

9 


a  c 


o 

< 

9 

•1 


I  I  (0 

TJ  r.  o  ;r 

►-09^ 
C  O  -  9 
91  ^ 

I  P-^ 

g  r  ! 

H  a  » 

lig  iR 

9  N 

9  H  9 

^  9  ^ 

9  9  9  9 

^  9  ^  a 


9  0  C 

9  a  9 

9 

9 


C  C  M  H 

xexs 

s  3*? 


5^2  !5e 

i  0  -  9  *9 


9  H  30 
a  9  9  9 

9  9^ 

30  r  o  0 

9  *1 

^  O  p 
*t  N-  5  « 

10  £ 
*-  Ok  I 

i9  ^  A 

O  I  • 

>  ^ 
iry 
IS  jo 

••?: 

5? 


O 
0 
9 

9  9 

a- 

S  j<» 


o  » 

8  0  9 
►-  9 

a  c 

I  ^ 


So 

*% 

A  S  • 

cits 

**  9  ^ 

O 


I 

19 


O 

< 


u 

10 

• 

• 

• 

C  ^ 

w  r 

n 

O  9 

» 

m 

►-  9 

10  r 

y  a 

9 

9 

e  \ 

C 

9 

•  n 

9 

O 

#♦  *1 

c 

> 

CO  k*' 

9 

'<  9 

0 

Jk 

9  9 

N 

M 

N 

ro 

9  *9 

9 

9  9 

9 

9 

9 

C  C  p-  H 

g  iSSR 

•-  H  i9  ar 

■  “  9 


9  M  ^  ^  % 

*  Q  1?  2  M  ■ 

2  2  •  cor 


9  H  9  10 
a  9  9  9 

9  O  V 

•r  ##  0 


n  I  ^ 

i*i"  ’ 

m  a  •  >* 

^g:.R 

9  9 

9  9  9 

-  5f  •  •• 

stsi 

2  «  • 

>l&f 


9  9 

^  ^  P  I# 

C  O  > 

9  1-  91 

10  A  A 

*•  I 

o.  I  * 
O  ^  • 

5::j' 

•i; 

^  9 


r  ^  n  X 

C  C  0  9 

9  9  9 

<  <  a  c 

9  9  I  ^ 

9  9  *9 

m  m  ^  m 

9  9  Q 

9  9  9  0 


5  9 
ill  ft 


O 

> 


M 

M 


0 

< 


*  1  • 

13  0  n  9 
►-  0  9 
C  9  M  9 
m  ^  m 

fi  ± 

2  •  I  ^ 

0  M  5 

H  a  9 

0  M  a 
9  9 

9  9  9 

M  9  k* 

9  9  9  9 

^  9 

9  9  ^ 

•  Ra§ 

9 

9 


C  C  —  H 

S  Slit 

?3*? 

zUi 

^  #♦ 

&;?sy 

9  O  « 

155" 

M  0^  I 

5:J' 

ill 

^  *1 


r 

9 

9 

»?  f 


=  ! 

Qi 

^  9 
9  9 


lO 


•O 


O  9 
^  9 

•0  ir 


c 

> 

M. 

cc 


&:; 

9 

£  ;>! 
n 

01  & 

M  9 
9  9 

9  -9 

■  9 

9 


W 

M 

9 

9 

C 

9 


0 

N 

N 

9 

9 


O  9 

►-  9 
10  IT 


O 

> 


10 

10 


Oi  r 


C  \ 

9  n 

c 

05  ^ 
'<  9 
9  9 

2  ? 
9 


9 

C 


0 

N 

M 

9 

9 


V 


n 

• 

•1 

•1 

X 

ai 

3 

A 

C 

•1 

3 

0 

■ 

3 

•o 

1 

3 

9» 

n 

•c 

r 

•1 

X 

a 

li 

• 

c 

0 

3 

1 

3 

cr 

n 

OD 

X 

o 

m 

3 

0 

C 

« 

<» 

A 

0 

& 

a 

3 

T3 

3 

AA 

3 

•— 

3 

*1 

C. 

►A 

3 

. 

»A 

0 

c 

3 

n: 

X 

a 

a 

* 

♦ 

< 

X 

►— 

•A 

-♦ 

;£> 

r* 

C 

X 

3 

< 

ar 

« 

1 

rs 

X 

3 

(? 

(t 

3 

1 

tc 

3 

3 

kA 

H 

• 

1 

►- 

sr 

1^ 

K 

c 

«» 

c 

V 

X 

3 

X 

i 

3 

n 

r» 

1 

#• 

m 

•1 

r 

►A 

3 

r* 

kA 

A 

V 

c 

/ 

»* 

c 

3 

X 

c 

X 

ft 

0 

A 

•1 

T 

«A 

»A 

3 

n 

A 

c 

3 

A 

W 

X 

• 

3 

3 

»A 

1 

a 

* 

#« 

3 

X 

2 

>A 

M 

A 

f» 

SJ 

m 

n 

X 

J 

* 

-• 

/ 

• 

A 

N 

c 

*5 

V 

N 

3 

X 

r 

X 

kA 

< 

■ 

3 

A 

1 

rA 

B 

« 

r 

C 

•* 

;; 

5 

*/ 

A 

A 

3 

c 

n 

<i 

NA 

• 

3 

a 

3 

A 

0 

3 

►- 

r» 

•1 

X 

►A. 

'< 

/ 

X 

C 

3 

H 

3 

N 

c 

Ck 

X 

3 

9Q 

;s 

* 

•n 

»— 

•A 

■ 

C 

Aa 

A 

V 

X 

»A 

• 

1 

a 

«Xi 

3 

o 

■> 

<t 

1 

« 

f* 

r# 

►A 

A 

\ 

3* 

• 

C 

1 

* 

C 

5 

%» 

•A 

x 

X 

■ 

ei 

• 

1 

X 

a 

►A  ►A 

3 

c 

1 

3  C 

9 

A 

2 

1 

3 

3  1 

r 

kA 

X 

ft 

3 

• 

A 

ft 

3 

1 

3  3 

1 

X 

X 

r 

<• 

3  ; 

A 

ft 

ft 

ft  a 

C* 

•A 

3 

3 

ft  '< 

3 

rA 

w 

3 

kA 

3 

kA 

3 

n 

a 

kA  &} 

“ 

Cm. 

• 

-A 

ft 

ft  3 

u 

k* 

X 

a 

a 

• 

• 

<• 

X 

kA 

kA 

#A 

w 

0^ 

* 

X 

3  < 

* 

ft 

X  3 

A 

w 

A* 

* 

3 

<-►  *1 

•1 

tc 

kA 

3 

3 

H 

• 

»A 

a 

T 

0 

3 

rA 

kA 

9Q 

•-  c 

0 

<5 

X 

ft 

3  X 

X 

3 

n 

rA 

1 

rA 

r» 

3 

1 

1 

ft 

kA  p 

a 

c 

kA 

A 

w 

0 

a 

X 

kA 

3 

ft 

3  rA 

3 

#♦ 

►A 

X 

C 

►A 

X  ft 

|A 

►A 

ft 

f* 

•-% 

1 

3 

•1 

k* 

kA 

kA 

<9 

K 

►A 

c 

n 

»  5 

3 

X 

2r 

3 

3 

kA 

•1  a 

3 

c 

r* 

3 

X 

ft 

ft  kA 

a 

3 

ft 

»A 

X 

3 

3 

rA 

n  X 

3 

/ 

c 

1 

X 

ft  A 

2 

r. 

s 

ft 

"0 

3 

3 

3 

N 

3 

C  X 

►A 

•1 

kA 

•D 

X 

t  k* 

'< 

ft 

•1 

rA  9 

C 

ft 

< 

ft  C 

kA 

3 

9 

•3 

X 

ft 

a  — 

r 

3 

3 

•1 

/A 

k- 

.  p 

3 

3 

5 

ft 

3 

k- 

r# 

►A 

►- 

1 

X 

rA 

kA 

'< 

X 

X 

ft 

3 

H  3 

r 

N 

c 

a 

X 

3  39 

3 

(9 

C 

1 

•1 

a 

kA 

ft 

•A 

B 

C  — 

n 

0 

0 

X  ^ 

c 

3 

• 

*1 

•1 

a 

fA  kA 

►A 

3 

o 

3 

ft 

1  rA 

3 

a 

A 

fA 

rA 

►- 

A  V, 

*A 

kA 

3 

ft 

kA 

. 

c 

ft 

*1 

A 

a 

C 

3 

A 

kA 

. 


ft 

• 

ft 

ft 

X 

a  ►*% 

ft 

0 

OB 

3 

ft 

c 

ft  3 

0 

B 

A 

3 

X3 

ft 

3  3 

ft 

■o 

(fq 

ft 

•ft  M 

ft 

3 

* 

ft 

ft 

3 

1  3 

O’ 

*1 

QD 

X 

ft 

-  3 

0 

ft 

A 

0 

ft 

m 

n 

a 

a 

►ft 

3 

3  ft 

VC 

3 

rA  tJ 

3  ^ 

rA 

3 

kA 

3 

ft 

a  H- 

3 

c 

a 

• 

fA 

ft 

ft 

3 

10 

ft 

X 

a 

a 

0 

• 

< 

X 

kA  kk 

fA 

rA 

ft 

c 

3  3 

< 

3 

• 

0 

ft 

O  3 

3 

ft 

kA 

ft 

3  r^ 

ft 

ro 

ft 

3  3 

►A 

H 

• 

ft 

a 

ft  ►- 

0 

fA 

3 

ife 

fA 

ft 

M  kA 

c 

ft 

ft 

X 

ft  3 

X 

X 

3 

o 

ft 

1  ft 

rA 

rA 

3 

ft 

ft 

n  ft 

3 

ft 

a 

c 

ft 

0  0 

ft 

a 

X 

ft 

3 

ft  3 

ft 

3 

rA 

•ft 

X 

C 

•^  X 

ft 

rA 

kA 

ft 

rA 

• 

ft 

3 

ft 

kA 

ft 

ft 

3 

ft 

9q 

ft 

0 

o  3 

0 

3 

X 

3 

3 

3 

ft  ft 

a 

3 

c 

fA 

3 

X 

ft  ft 

ft 

a 

kA 

3 

ft 

rA 

m 

3 

3 

rA  ft 

X 

3 

X 

3 

0 

ft 

X  ft 

• 

3 

O 

N 

ft 

•0 

3 

3 

3 

N 

3  0 

X 

kA 

ft 

kA 

*0 

X  ft 

ft 

ft 

3 

ft 

ft 

ft 

a 

rA 

C 

ft 

c 

•A 

3 

■ 

tj 

X 

ft  a 

kA 

ft 

3 

cr 

ft 

ft 

kA  . 

3 

3 

3 

ft 

ft 

3 

kA 

ft 

kA 

kA 

ft 

X 

ft 

ft 

ft 

N 

X 

X 

c 

ft 

a 

: 

3 

ft 

0 

ft 

ft 

kA 

a 

•ft 

ft 

9  ^ 

k- 

ft 

0 

0  X 

ft 

3 

• 

ft 

ft 

a  r" 

ft 

3 

o 

p 

ft  • 

ft 

3 

a 

• 

fA 

ft 

kA  « 

X 

rA 

ft 

3 

n 

kA 

• 

0 

ft 

ft 

0 

c 

3 

- 

ft 

X 

X 

ft 

ft 

. 

ft 

ft 

X 

a  ft 

ft 

3B 

3 

(9 

c 

ft  3 

c 

9 

•« 

3 

•o 

ft 

3  3 

ft 

■o 

79 

ft 

►Ai  ^ 

ft 

3 

• 

ft 

ft 

3 

1  3 

ft 

OC 

X 

O 

>•  p 

ft 

>0 

ft 

ft 

O 

c 

a 

►ft 

3 

3  C 

a 

3 

fA 

-o 

3  ft 

VC 

rA 

3 

kA 

3 

ft 

a  ft 

a 

• 

•A 

ft 

c 

3 

u 

ft 

X 

a 

3 

• 

< 

X 

k*  kk 

a 

ca 

ft 

c 

X  3 

3 

c 

ft 

r,  X 

< 

ft 

k- 

ft 

3  ft 

3 

ft 

tc 

kA* 

3  3 

ft 

« 

ft 

a 

ft  ft 

kA 

rA 

H 

iu 

fA 

kA 

9q  ft 

ft 

3 

\ 

X 

C  3 

c 

X 

ft 

3 

n 

ft 

1  ft 

X 

rA 

3 

ft 

ft 

C  kk 

rA 

a 

c 

kA. 

r^  k 

A  W 

3 

a 

ft 

ft 

cr 

ft  3 

ft 

3 

X 

•ft 

X 

c 

ft  X 

ft 

rA 

rA 

kk 

ft 

ft 

ft  >• 

ft 

3 

»A- 

kA. 

►A 

ft 

ft 

t; 

ft 

c 

n  3 

3 

3 

ft 

3 

3 

3 

►a 

C 

3 

•/ 

r* 

3 

X 

ft  ft 

a 

•A 

f- 

3 

ft 

kA 

K 

3 

3 

ft  ft 

ft 

3 

rA 

3 

C 

ft 

X  ft 

X 

3 

X 

c 

N 

ft 

V 

>• 

3 

3 

N 

3  0 

kA 

3 

kA 

•o 

X  ft 

X 

'< 

ft 

3 

ft 

ft 

rA 

kA 

lA 

ft 

ft 

<  ft 

9 

kA 

9 

*3 

X 

ft  a 

C 

ft 

3 

3 

ft 

ft 

k-  • 

k- 

3 

3 

ft 

ft 

3 

k- 

3 

kA 

3 

ft 

X 

ft 

ft 

kA 

X 

X 

ft 

3  H 

ft 

ft 

'< 

c 

a 

X  3 

3 

3 

N 

0 

ft 

ft 

9Q 

kA 

ft 

ft 

ft 

B  C 

ft 

a 

0 

C  X 

kA 

c 

• 

ft 

ft 

a  ft 

►A 

kA 

3 

o 

3 

ft  1 

ft 

3 

3 

ft 

ft 

►A  ^ 

rA 

rA 

a 

ft 

3 

\ 

kA 

• 

c 

ft 

n 

0 

ft 

3 

<• 

c 

(A  M- 

UB 
9 


i 


